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For: Oligonucleotide Therapeutic Agent And Methods Of Making Same 



EXPRESS MAIL LABEL NO.: EL 9985179413 US 
DATE OF DEPOSIT: October 1 8, 2004 



Mail Stop Appeal Brief - Patents 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 



APPELLANT'S SUBSTITUTE APPEAL BRIEF 
PURSUANT TO 37 C.F.R. § 41.37 



This substitute brief is being filed in response to the Communication dated September 
15, 2004 and in support of Appellant's appeal from the rejections of claims 64-76 and 78-83 
dated December 15, 2003. A Notice of Appeal and Request for Oral Hearing were filed April 
15,2004. 



1 . REAL PARTY IN INTEREST 

Based on information supplied by Appellant and to the best of the undersigned's 
knowledge, the real party in interest in the above-identified patent application is ISIS 
Pharmaceuticals, Inc., a corporation of Delaware, which is the current assignee. 

10/B1/2004 ftyOHDftFl 00000034 833050 08078768 
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2. RELATED APPEALS AND INTERFERENCES 

There are no other appeals or interferences known to Appellant, Appellant's legal 
representative, or the assignee that will directly affect or be directly affected by or have a 
bearing on the Board's decision in the pending Appeal. 

3. STATUS OF CLAIMS 

Claims 64-76 and 78-83 are pending and rejected in this patent application and are the 
subject of this Appeal. Claims 64-76 and 78-83 appear in the attached Claims Appendix. 
Claims 1 -63 and 77 have been canceled previously. 

4. STATUS OF AMENDMENTS 

No amendments to the claims were made in response to the Final Office Action dated 
September 10, 2002, the finality of which was withdrawn pursuant to 37 C.F.R. § 1.129. In 
response to the nonfinal Office Action dated June 17, 2003, Appellant filed a Reply pursuant 
to 37 C.F.R. § 1.111 wherein claim 75 was amended to delete the phrase "at a temperature 
between 0°C and 80°C" and claim 77 was canceled. The Final Office Action dated December 
15, 2003 does not reflect entry of these claim amendments. Appellant is entitled to entry and 
consideration of the claim amendments pursuant to 37 C.F.R. § 1.129, and they are reflected 
in the presentation of claims in the attached Claims Appendix. No amendments to the claims 
have been made subsequent to the Final Office Action dated December 15, 2003. 
Accordingly, claims 64-76 and 78-83 as amended in the response to the Office Action dated 
June 17, 2003 are involved in the present Appeal. 

5. SUMMARY OF CLAIMED SUBJECT MATTER 

Appellant's claimed invention relates to the use of oligonucleotides to specifically 
inhibit the expression of a target protein in a cell. The invention defined by the pending 
claims is the product of the surprising discovery made by the Appellant more than twenty 
years ago that oligonucleotides may be used to regulate protein synthesis in cells via 
hybridization to nucleic acids. Appellant's discovery provides for the systematic design and 
use of oligonucleotide agents to specifically block the translation of a target nucleic acid. 
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In seeking patent protection for his discovery, Appellant presents independent claims 
64, 73, 75, 78, and 80. The invention, as recited in independent claim 64, relates to methods 
for selectively inhibiting the expression of a target protein in a cell producing messenger 
ribonucleic acids encoding both the target protein and other proteins without inhibiting the 
expression of other proteins. This can be accomplished by synthesizing an oligonucleotide 
having a base sequence substantially complementary to a subsequence of a messenger 
ribonucleic acid encoding the target protein. The oligonucleotide is introduced into the cell 
where hybridization of the oligonucleotide to the subsequence of the messenger ribonucleic 
acid occurs to inhibit the expression of the target protein. 

Independent claim 73 also recites methods for selectively inhibiting the expression of 
a target protein in a cell producing messenger ribonucleic acids encoding the target protein 
and other proteins without inhibiting the expression of the other proteins. According to the 
method of claim 73, one selects a synthetic oligonucleotide that has enhanced resistance 
against nuclease enzymes and a base sequence substantially complementary to a subsequence 
of a messenger ribonucleic acid of the cell encoding the target protein. The synthetic 
oligonucleotide is introduced into the cell and caused to hybridize with the messenger 
ribonucleic acid to inhibit the expression of the target protein. 

The invention, as defined by claim 75, includes within its scope methods for selective 
inhibition of the expression of a target protein in a cell producing messenger ribonucleic acids 
encoding the target protein without inhibiting the expression of the other proteins. One 
selects a synthetic oligonucleotide having enhanced resistance against nuclease enzymes and 
a base sequence substantially complementary to a subsequence of a messenger ribonucleic 
acid of the cell encoding the target protein. The synthetic oligonucleotide is introduced into 
the cell where it hybridizes to the subsequence of messenger ribonucleic acid. 

Claim 78 is directed to methods of selectively inhibiting the expression of a target 
protein in a cell producing messenger ribonucleic acid encoding the target protein by 
selecting a base sequence substantially complementary to the messenger ribonucleic acid of 
the cell encoding the target protein, providing a synthetic oligonucleotide that is stabilized 
against in vivo degradative enzymes and having the selected base sequence, and introducing 
the synthetic oligonucleotide into the cell to hybridize to the subsequence of the messenger 
ribonucleic acid. 
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As defined by claim 80, Appellant's invention includes methods for selectively 
inhibiting the expression of a target protein in a cell producing messenger ribonucleic acids 
encoding the target protein by selecting a plurality of base sequences that are complementary 
to the messenger ribonucleic acid, providing a synthetic oligonucleotide corresponding to 
each of the base sequences, selecting a preferred synthetic oligonucleotide for inhibition of 
the target protein in a cell, and using the selected oligonucleotide to inhibit the target protein 
in cells. 

Appellant's discovery has enabled the development of an array of therapeutic agents 
that address many previously unmet medical needs. 

6. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

A. Appellant respectfully requests review of the adequacy of the Examiner's 
factually unsupported surmise and speculation to refute the abundant evidence of record 
demonstrating that the specification and claims as originally filed enable a person of skill in 
the art to which the invention pertains to make and use the invention commensurate in scope 
with claims 64-76 and 78-83 without engaging in undue experimentation. 

B. As to claim 71 alone, Appellant respectfully requests review of the Examiner's 
position in the face of Appellant's evidence to the contrary that claim 71 is not patentably 
distinct over claim 1 of U.S. Patent No. 5,023,243. 

7. ARGUMENT 

A. The specification and claims as originally filed enable a person of skill 
in the art to which the invention pertains to make and use the 
invention without engaging in undue experimentation. 

The rejection of claims 64-76 and 78-83 under 35 U.S.C. § 112, first paragraph for 
alleged lack of enablement is grounded in the Examiner's position that Appellant is required 
to have expressly taught known forms of stabilized oligonucleotides available at the time of 
filing in order to enable stabilized oligonucleotides other than phosphotriesters and to have 
successfully demonstrated inhibition of expression of a target protein using an antisense 
oligonucleotide in vivo. Appellant respectfully disagrees with the Examiner's position. As of 
the priority date, one of ordinary skill in the art was aware of the existence of stabilized forms 
of oligonucleotides in addition to phosphotriesters and would have been guided by the 
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disclosure of the application to the other stabilized oligonucleotides that are suitable, along 
with phosphotriester oligonucleotides, for in vivo use according to the claimed invention. 
Nothing more than routine experimentation was involved in determining which forms of 
stabilized oligonucleotides would have worked in the invention. Additionally, unmodified 
and modified oligonucleotides as used in the present invention are taken up by cells, are 
sufficiently stable to exert biological activity, and specifically hybridize to the target mRNA, 
as demonstrated in the examples provided in the specification. The cell culture models 
exemplified in the specification correlate to in vivo biological activity of the stabilized 
oligonucleotides, as substantiated by pre- and post-filing references. In short, the rejection of 
claims 64-76 and 78-83 under 35 U.S.C. § 1 12, first paragraph for alleged lack of enablement 
should be withdrawn because the evidence of record indicates that those skilled in the art as 
of October 23, 1981 having the benefit of Appellant's disclosure would have been able to 
practice the claimed invention without undue experimentation. 

Preliminarily, Appellant respectfully asserts that claims 71, 73-76, 78, 79, and 81 are 
separately patentable from claims 64-70, 72, 80, 82, and 83. Claims 64-70, 72, 80, 82, and 83 
are directed to methods of selectively inhibiting the expression of a target protein in a cell 
producing messenger ribonucleic acids. This is done by hybridizing a synthetic 
oligonucleotide having a nucleotide sequence substantially complementary to the 
subsequence of the messenger ribonucleic acid encoding the target protein to the subsequence 
of the messenger ribonucleic acid to specifically inhibit expression of the target protein. 
Claims 71, 73-76, 78, 79, and 81 recite methods for selectively inhibiting the expression of a 
target protein in a cell producing messenger ribonucleic acids. Expression of the target 
protein is inhibited by a synthetic oligonucleotide having a base sequence substantially 
complementary to a subsequence of the messenger ribonucleic acid wherein the synthetic 
oligonucleotide is stabilized to inhibit degradation by nucleases (claims 71, 78, 79, and 81) or 
has enhanced resistance against nuclease enzymes (claims 73-76). 

Because claims 64-70, 72, 80, 82, and 83 do not require enhanced resistance to 
degradative enzymes or stabilization, in contrast to claims 71, 73-76, 78, 79, and 81, the 
enablement rejection of claims 64-76 and 78-83 based upon an asserted "problem with uptake 
and stability of unmodified oligonucleotides" (Office Action mailed June 17, 2003, page 10) 
is limited to claims 64-70, 72, 80, 82, and 83. Therefore, claims 71, 73-76, 78, 79, and 81 are 
separately patentable from claims 64-70, 72, 80, 82, and 83. 
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The enablement requirement of 35 U.S.C. § 112, first paragraph, mandates that the 
specification teach those skilled in the art how to make and use the claimed invention without 
undue experimentation. In re Wands, 858 F.2d 73 1, 736-737, 8 U.S.P.Q.2d 1400, 1404 (Fed. 
Cir. 1988) (citing Minerals Separation, Ltd. v. Hyde, 242 U.S. 261, 270 (1916)). The test of 
enablement is not whether any experimentation is necessary, but whether, if experimentation 
is necessary, it is undue. In re Angstadt, 537 F.2d 498, 504, 190 U.S.P.Q. 214, 219 (C.C.P.A. 
1976). The fact that experimentation may be complex does not necessarily make it undue, if 
the art typically engages in such experimentation. Wands, 858 F.2d at 737, 8 U.S.P.Q.2d at 
1404. 

The factors to be considered in determining whether any necessary experimentation is 
undue include: 

i . the breadth of the claims ; 

ii. the nature of the invention; 

iii. the state of the prior art; 

iv. the level of one of ordinary skill; 

v. the level of predictability in the art; 

vi. the amount of direction provided by the inventor; 

vii. the existence of working examples; and 

viii. the quantity of experimentation needed to make or use the invention 
based on the content of the disclosure. 

Id. (citing In re Forman, 230 U.S.P.Q. 546, 547 (Bd. Pat. App. & Int. 1986)). In order to 
make a rejection, the examiner has the burden to establish a reasonable basis to question the 
enablement provided for the claimed invention. In re Wright, 999 F.2d 1557, 1561-62, 27 
U.S.P.Q.2d 1510, 1513 (Fed. Cir. 1993). Assuming that sufficient reason for such doubt 
exists, a rejection for failure to teach how to make and/or use will be proper on that basis. In 
re Marzocchi, 439 F.2d 220, 223-24, 169 U.S.P.Q. 367, 370 (C.C.P.A. 1971). The burden 
then shifts to the Appellant to provide persuasive arguments, supported by suitable proofs 
where necessary, that one skilled in the art would be able to make and use the claimed 
invention using the application as a guide. In re Brandstadter, 484 F.2d 1395, 1407, 179 
U.S.P.Q. 286, 294 (C.C.P.A. 1973). 
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The record demonstrates that, as of the time of filing, one of ordinary skill in the art 
would have been able to make and use the claimed invention using the application as a guide. 
No undue experimentation was required. Consideration of the Wands factors compels a 
finding of enablement: (1) the breadth of the solicited claims reasonably correlates to the 
enabled examples using phosphotriester oligonucleotides; (2) numerous modified 
oligonucleotides were known to one of skill in the art at the time of filing; (3) one of skill in 
the art of molecular biology in 1981 was highly sophisticated; (4) the specification as filed 
provided ample guidance, including examples, to one of skill in the art at the time of filing as 
to how to make and use the invention, which is all that is required for enablement; and (5) 
nothing more than routine experimentation was required to determine which modified 
oligonucleotides are most effective in the methods of the invention. Indeed, the record is 
replete with evidence - facts — underscoring the enablement of the present claims. The 
Examiner has met these facts only with surmise and skepticism. 

It has been asserted that the present invention would not work in vivo using double- 
stranded oligonucleotides. (Office Action mailed June 17, 2003, page 3.) However, there 
has been no evidence adduced whatsoever for the assertion that a double-stranded 
oligonucleotide would not work in the claimed methods. This is an immutable requirement 
for maintenance of the rejection for alleged lack of enablement. The Examiner has merely 
stated that the term "hybridization" refers to the formation of a double-stranded nucleic acid 
by annealing of two single-stranded molecules and that the instant application does not 
disclose the formation of triplex DNA. (Office Action mailed June 17, 2003, page 3.) 
Appellant has not limited his invention to single-stranded oligonucleotides. Appellant asserts 
that double-stranded oligonucleotides work in the claimed methods, as supported, for 
example, by Mercola and Cohen (Cancer Gene Therapy, 2(l):47-59, 48-49 (1995)) (Exhibit 
1). Disclosure of the mechanism by which double-stranded oligonucleotides work in the 
invention is not required for enablement. Appellant need only have taught how to make and 
use the invention without undue experimentation. This Appellant has done. 
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1. Enablement does not require that Appellant expressly teach known 
forms of stabilized oligonucleotide available at the time of filing in 
order to enable stabilized oligonucleotides other than phosphotriesters. 

The Examiner maintains that Appellant must have taught forms of stabilized 
oligonucleotides other than phosphotriesters to have enabled claims 71, 73-76, 78, 79, and 81, 
the claims requiring stabilization. Appellant disagrees. 

Section 112 requires the specification to be enabling only to persons "skilled in the art 
to which it pertains, or with which it is most nearly connected." DeGeorge v. Bernier, 768 
F.2d 1318, 1323, 226 U.S.P.Q. 758 (Fed. Cir. 1985). Thus, a patent need not teach, and 
preferably omits, what is known in the art. In re Buchner, 929 F.2d 660, 661, 18 U.S.P.Q.2d 
1331, 1332 (Fed. Cir. 1991); Paperless Accounting, Inc. v. Bay Area Rapid Transit System, 
804, F.2d 859, 864, 231 U.S.P.Q. 649 (Fed. Cir. 1986) ("A patent applicant need not include 
in the specification that which is already known to and available to the public."); Hybritech 
Inc. v. Monoclonal Antibodies, Inc., 802 F.2d 1367, 1384, 231 U.S.P.Q. 81, 94 (Fed. Cir. 
1986). It has long been the law that a person skilled in the art is deemed to possess not only 
basic knowledge of the particular art, but also "the knowledge of where to search out 
information" for section 112 purposes. In re Howarth, 654 F.2d 103, 105, 210 U.S.P.Q. 689 
(C.C.P.A. 1981). 

Nowhere in the specification are the methods of the invention limited to 
phosphotriester-stabilized oligonucleotides. In fact, throughout the entirety of the 
specification, it is clearly stated that phosphotriester oligonucleotides are simply one 
representative example of the stabilized oligonucleotides that may be used in the methods of 
the invention. For example, the specification states at page 3, "[i]n a presently preferred 
embodiment of the invention, by way of example and not necessarily by way of limitation, a 
stabilized oligonucleotide, preferably in a phosphotriester form, is provided ..." and at page 
4, "[t]he preferred oligonucleotide ... for increased stability, may be transformed to a more 
stable form, such as a phosphotriester form, to inhibit degradation during use." The 
application again states at page 5 that the oligonucleotide "can be transformed to a more 
stable form, such as a phosphotriester form, to inhibit degradation. . . ." Given the language 
of the specification including "such as," "preferred," and variations thereof, one of ordinary 
skill in the art readily understands that other forms of stabilized oligonucleotides were 
contemplated and equally useful in the methods of the invention. 
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That other forms of stabilized oligonucleotides were known in the art at the time of 
filing has been firmly established by the declarations of eminent scientists in the field, 
including Dr. Jerry L. Ruth (August 29, 1994 Declaration (Exhibit 2), Part 5 A; April 14, 
1995 Declaration (Exhibit 3), Part A), Dr. Dennis E. Schwartz (August 19, 1994 Declaration 
(Exhibit 4), Part 5 A; April 14, 1995 Declaration (Exhibit 5), Part A), and Dr. Stanley T. 
Crooke (Exhibit 6)(Part 5). It is a fact that stabilized oligonucleotides suitable for use in the 
invention were known and were available to those of ordinary skill in the art in 1981. There 
is no countervailing evidence of record, none whatsoever. 

References of record in this application also support this fact. For example, U.S. 
Patent No. 3,687,808 to Merigan et al. (Exhibit 7) describes stabilized phosphorothioate 
oligonucleotides available as early as 1972 (submitted by way of supplemental information 
disclosure statement filed June 17, 2002, a courtesy copy of which is submitted herewith). 
Miller et al. {Biochemistry, 13(24): 4887-4906 (1974)("Miller 1974")) (Exhibit 8)describe 
the stabilized alkylphosphotriester DNA analogs described in the application. Matzura and 
Eckstein {Eur, J. Biochem., 3: 448-452 (1968)) (Exhibit 9) describe the nuclease resistance 
of phosphorothioate oligonucleotides. Agarwal and Riftina {Nuc. Acids Res., 6:9, 3009-3024 
(1979)) (Exhibit 10) show the synthesis of oligonucleotides containing methyl and 
phenylphosphonate linkages. DeClercq et al. {Virology, 42:421-428 (1970)) (Exhibit 11) set 
forth the resistance of thiophosphate-substituted oligonucleotides to degradative enzymes. 
Miller et al. {Biochem., 20(7): 1874-1880 (1981)) (Exhibit 12) report a stabilized alkyl 
phosphonate DNA analog having activity in vitro. Holy ("Synthesis and Biological Activity 
of Some Analogues of Nucleic Acids Components," in Phosphorus Chemistry Directed 
Towards Biology, WJ. Stec, Ed., Pergamon Press, 53-64, 1980) (Exhibit 13) describes 
modified nucleotide analogs having hydroxyl-containing aliphatic chains that are stable in 
vivo and display inhibitory and substrate activities. 

Not only would one having ordinary skill in the art have readily understood that 
stabilized forms of oligonucleotides in addition to phosphotriesters were contemplated by the 
invention, but an artisan of ordinary skill also would have known of a number of available 
stabilized oligonucleotide forms as of the filing date. A routine literature search by an 
ordinarily skilled artisan at the time of the invention would have yielded a number of 
available stabilized oligonucleotides suitable for use in the invention, a sampling of which 
have been provided on the present record. (Crooke Declaration, Parts 3 and 5; April 14, 1995 
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Declaration of Dr. Schwartz, page 4; April 14, 1995 Declaration of Dr. Ruth, page 4.) As 
Appellant is not required to teach what is known in the art, his burden has been met. 

The enablement requirement does not mandate that the Appellant have presented 
experiments with each of the available forms of stabilized oligonucleotides to demonstrate 
that they actually work in the invention. Rather, enablement requires only that Appellant 
have taught how to determine which stabilized oligonucleotides work in the invention 
without undue experimentation. Appellant has satisfied this burden by providing 
representative examples demonstrating his invention. One having ordinary skill in the art 
need only have substituted for the phosphotriester oligonucleotides of Appellant's examples 
other known forms of stabilized oligonucleotides to determine their efficacy in the invention. 
This would not have required undue experimentation on the part of an artisan of ordinary 
skill. 

2. History has proven the naysayers of in vivo antisense technology to be 
incorrect; the present invention was complete and fully enabled in 
1981. 

The Examiner maintains that the methods of claim 64-76 and 78-83 would not work 
in vivo due to lack of cellular uptake, instability, and unpredictability of hybridization to the 
target mRNA. The Examiner has placed much reliance on the Gura (Science, 270: 575-577 
(1995)) (Exhibit 14), Rojanasakul (Adv. Drug Delivery Revs., 18: 115-131 (1996)) (Exhibit 
15), and Hijiya (PNAS USA, 91:4499-4503 (1994)) (Exhibit 16) articles allegedly to show 
that the present invention is not enabled for in vivo use. Appellant asserts that it is improper 
to base a conclusion of nonenablement upon these few references in view of their actual lack 
of significance and the numerous other references cited throughout the prosecution of the 
present application that contradict their allegations. The Declaration of Dr. Sidney M. Hecht 
(Exhibit 17), a premiere authority in the field of gene expression, supports this assertion. 

Dr. Hecht first notes that any concerns raised by the Gura, Rojanasakul, and Hijiya 
references are directed to the clinical safety of in vivo use of antisense technology rather than 
at the efficacy of in vivo antisense methodologies. For example, Rojanasakul at page 118 
queries "Can antisense work in living systems?" and responds by stating that while "there are 
studies which indicate the relative safety of antisense [oligonucleotides] in vivo . . . non- 
specific side effects of [antisense oligonucleotides] have also been reported in mice." 
Rojanasakul goes on to say that these safety concerns "do not diminish the potential use of 
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[antisense oligonucleotides] in vivo, and there are few examples of successful in vivo 
treatment in the absence of specialized delivery systems." (Id.) Rojanasakul continues, 
stating that "[considering the various obstacles that the antisense [oligonucleotides] must 
encounter prior to their action . . . the desired activity of [antisense oligonucleotides] is 
observed." (Id. (emphasis added)). Thus, Rojanasakul actually supports enablement of 
claims 

Likewise, Dr. Hecht notes that Gura avers that "some experts in the field . . . argue 
that clinical trials have begun far too soon." (Gura at 575.) Dr. Hecht explains that such 
concerns regarding the clinical safety of antisense oligonucleotides were elicited by the side 
effects detected in some animal studies. For example, Gura describes one set of experiments 
in which lethality in monkeys administered a one-time, high-dose injection occurred as well 
as another set of experiments in which a transient decrease in two kinds of white blood cells 
and changes in heart rate and blood pressure resulted from the high dose administered. (Id. at 
576.) 

Similarly, the assertion that Hijiya characterizes the field of antisense as being "in its 
scientific infancy" is misplaced, according to Dr. Hecht. Hijiya makes clear that the 
unmodified and phosphorothioate-modified antisense oligonucleotides worked therein: "The 
experiments reported herein serve as a paradigm of [oligodeoxynucleotide] -based 
therapeutics for human malignancies." (Hijiya at 4503.) Hijiya reasons that, although MYB 
is an effective gene target of antisense oligonucleotides in human melanoma, "further 
development of the antisense strategy will be needed before the successful application of this 
technique in the clinic can be anticipated." (Id. (emphasis added).) Appellant likewise 
asserts that the Mercola reference describes several "signpost" studies in which a reduction in 
target protein was observed upon in vivo administration of antisense phosphorothioate- 
modified oligonucleotides complementary to the target genes in accordance with the 
presently claimed methods. (Mercola at 54-55.) 

A demonstration of F.D.A. acceptable clinical safety is not required by the first 
paragraph of 35 U.S.C. § 1 12. Enablement does not require that the claimed invention satisfy 
the higher safety standards applied to drugs to be used in clinical trials. According to MPEP 
§ 2107.03, "Office personnel should not impose on applicants the unnecessary burden of 
providing evidence from human clinical trials.... [I]t is improper for office personnel to 
request evidence... regarding the degree of effectiveness [in humans] (underlining in 
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original)." Enablement requires only that the application teach how to make and use the 
invention without undue experimentation. This requirement has been met: one having 
ordinary skill in the art would be able to make and use the invention without undue 
experimentation using only the application as a guide. 

Moreover, no drug is free of toxic effects. Fingl and Dixon (Chapter One, "General 
Principles", In The Pharmacological Basis of Therapeutics, 4 th edition, L.S. Goodman 
and A. Gilman, Eds. (1970) (Exhibit 18), courtesy copy enclosed, a copy of which is of 
record as Exhibit 2 to the Declaration of Dr. Sidney M. Hecht). This fact has been known for 
many years, as substantiated by Dr. Hecht, and is as true today as it was when first presented 
in this textbook. For some authors to question the clinical safety of a new drug paradigm is 
not surprising. If raising such questions were to bar patentability of new drugs, there would 
be no new drugs. Accordingly, some toxic effects of antisense therapeutics are to be 
expected. Some expected toxic effects, however, are not an indication that antisense 
therapeutics do not work in vivo. 

Indeed, Dr. Hecht attests that any concerns voiced by Gura, Rojanasakul, and Hijiya 
regarding the use of antisense technology in vivo have been proven to be wrong. The 
successes achieved in the field of antisense technology have been witnessed, thereby ratifying 
the views of proponents of antisense at the time of the invention and silencing, indeed 
converting, many critics to what is clearly the correct view: antisense works in vivo as taught 
by the present application. 

A number of articles that corroborate the in vivo success of antisense technology have 
been cited during prosecution of the present application. For example, Mirabelli et al. {Anti- 
Cancer Drug Design, 6:647-661 (1991) (Exhibit 19), courtesy copy enclosed, a copy of 
which is of record as Exhibit 3 to the Declaration of Dr. Sidney M. Hecht) notes that 
antisense oligonucleotides have demonstrated activities against a broad array of targets, that 
"the therapeutic indexes of phosphorothioate oligonucleotides appear to be quite high," and 
that "certain phosphorothioates ... are extremely well tolerated in animals." (Mirabelli at 
651.) Mirabelli also provides evidence of successful in vivo trials of antisense 
oligonucleotides. {See, e.g., Mirabelli at 653.) 

Crooke {Ann. Rev. Pharmacol Toxicol, 32:329-376 (1992) ("Crooke 1992") (Exhibit 
20), courtesy copy enclosed, a copy of which is of record as Exhibit 4 to the Declaration of 
Dr. Sidney M. Hecht) corroborates the in vivo stability of antisense oligonucleotides, noting 
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that nuclease activity of sera derived from different species varies, with human being the least 
active. (See, e.g., Crooke 1992 at 337). Additionally, modified oligonucleotides enter cells 
at pharmacologically relevant concentrations. (Id. at 338-339.) In vivo pharmacokinetic 
studies reveal that antisense oligonucleotides are rapidly and broadly distributed following 
administration in mice, rabbits, and rats. (Id. at 342-343.) Toxicity studies reveal that 
phosphorothioate oligonucleotides, for example, have high therapeutic indices and exhibit 
toxicity only at concentrations far in excess of concentrations at which therapeutic activity is 
observed. (Id. at 344; 346-347.) Indeed, Dr. Crooke has attested to these facts on the present 
record. (Crooke Declaration, Parts 6b and 6c). 

Further confirmation of the enablement of Appellant's invention is found in Cossum 
(J. Pharm. and Exp. Ther., 267(3):1 181-1190 (1993) (Exhibit 21), courtesy copy enclosed, a 
copy of which is of record as Exhibit 5 to the Declaration of Dr. Sidney M. Hecht). That 
reference describes several in vivo studies in which phosphorothioate oligonucleotides were 
shown to be widely distributed following in vivo administration in nothing more than 
phosphate buffer at physiologic pH. (See, e.g., Cossum at 1181-1182, 1186.) Additionally, 
Cossum acknowledges that the dosages at which non-antisense effects occur are significantly 
greater than those at which antisense effects are observed. (Id. at 1181.) 

Stepkowski et al. (J. Immunol, 153:5336-5346 (1994) (Exhibit 22), courtesy copy 
enclosed, a copy of which is of record as Exhibit 6 to the Declaration of Dr. Sidney M. 
Hecht) demonstrates specific inhibition of intercellular adhesion molecule- 1 (ICAM-1) 
expression by antisense molecule IP-3082, thereby promoting heart allograft survival. 
(Stepkowski et al. at 5338.) Extension of in vitro studies to in vivo analyses confirmed the 
correlation between the efficacy of antisense technology in a Petri dish and in a living 
organism. 

Appellant submits that, not only has the Examiner failed to consider references which 
run contrary to the few references upon which he relies to assert a lack of enablement, but the 
Examiner also is relying upon statements that have been proven false. Courts have long and 
uniformly held that the making of an invention in the face of skepticism by the scientific 
community is a hallmark of nonobviousness. Graham v. John Deere Co., 383 U.S. 1, 17-18 
(1966). Were the Examiner's views on the topic of enablement to prevail, the same 
skepticism which provides a powerful indication of nonobviousness would simultaneously 
eviscerate patentability under the enablement standard. This cannot be the law. 
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It is the Examiner's position that the time lapse between publication of the present 
application in 1983 and publication of results of success by skilled artisans in an active area 
of research weighs heavily against enablement of claims 64-76 and 78-83. The time lapse 
between the effective filing date of the present application and the numerous references cited 
in support of enablement of claims 64-76 and 78-83, however, has no bearing on the claim 
that the instant application provides sufficient guidance to one of skill in the art to practice 
the claimed invention as early as the effective filing date of the instant application. As Dr. 
Hecht attests, had the pharmaceutical industry in 1981 immediately applied its existing 
knowledge of medicinal chemistry and pharmacology to the teachings of Appellant, it would 
have practiced the present invention. Various factors contributed to the lag, not the least of 
which included establishment, within an organization, of an internal "champion" for a new 
technology paradigm where the champion is willing to sponsor and defend reallocation of 
resources from existing programs to a new program. Additionally, once acceptance of the 
new paradigm is made, established pharmaceutical practice requires pharmacologists to 
perform substantial and numerous pre-clinical studies to determine the toxicological profile, 
pharmacokinetics, and pharmacodynamics of any potential drug. Thus, according to Dr. 
Hecht, it is not unexpected that the generation and reporting of pre-clinical and clinical 
studies by the pharmaceutical industry related to the efficacy of a potential drug does not 
immediately follow the publication of the first few positive in vitro results. 

It has been observed by Fingl and Dixon that "[n]o drug is free of toxic effects." The 
authors further state, however, that "adverse effects do not arise solely because of the 
inherent toxicity of drugs and the limitations of the methods for early detection of this 
toxicity. Many of the adverse effects could be avoided if drugs were used more carefully and 
more wisely" {Id, at 26 (emphasis added).) Further, "[t]he development and evaluation of 
new drugs in the United States is rigidly controlled by federal regulation administered by the 
Food and Drug Administration. A new drug may not be marketed for general clinical use 
until it has been subjected to thorough clinical pharmacological studies and until 'substantial 
evidence' of its efficacy and safety have been obtained from adequate, well-controlled 
clinical trials conducted by qualified investigators." (Id. at 29.) 

Since both positive and negative results must be included in data packages submitted 
to regulatory agencies, pre-clinical and clinical trials are not performed haphazardly with 
selective omission of negative results. In other words, slapdash animal studies are not 
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performed for potential human therapeutic applications because all data collected is subjected 
to FDA scrutiny. Accordingly, every study is implemented pursuant to highly rigorous 
standards and carefully planned conditions. Animal tests suitable to regulatory agency 
submission require established animal colonies and adequate animal care facilities with 
appropriate veterinary oversight, the development of which is expensive and time-consuming. 
Accordingly, careful animal experiments do not yield large volumes of publications that 
appear in the literature quickly. They require systematic studies that may take years to 
accomplish. In other words, a significant delay in the reporting of pre-clinical or clinical 
results is entirely routine in the field of drug discovery and development. 

Dr. Hecht also affirms that the numerous clinical investigations conducted on in vivo 
antisense methodologies underscore the belief of pharmaceutical companies and, hence, the 
skilled scientists that comprise them, in the efficacy of antisense technology in vivo as 
detailed by the present application. "Big" pharmaceutical companies became interested in 
antisense technology after the small pioneer companies confirmed its validity. For example, 
pioneer companies Hybridon Inc. and Isis Pharmaceuticals, Inc. were incorporated in 1989 
for the purpose of developing antisense therapeutics. Gilead Sciences, Inc. formed in 1987 
for the same purpose. Genta Inc. was established as a spin-off of Gen-Probe in 1988 with a 
business objective of developing antisense therapies initiated in Gen-Probe's diagnostic 
antisense studies. In the mid- and late 1990s, newcomers MethylGene Inc., Inex 
Pharmaceuticals Corp., and NeoPharma, to name only a few, joined the early-stage 
companies in exploiting the therapeutic aspects of antisense technology. 

In contrast, as explained by Dr. Hecht, while contributing early-published papers 
regarding in vitro related research topics, individual academic researchers, who contribute 
much of the scientific literature, did not exploit and publish in vivo antisense technology. 
The reasons for this are varied. The exorbitant costs of animal studies, resulting from the 
necessity of numerous controls as well as the stringent regulations imposed by academic 
institutions and regulatory agencies, preclude most academic researchers from pursuing such 
studies absent industrial sponsorship. Additionally, the experiments conducted by most 
academicians are limited in scope by narrow, well-delineated areas of research interest. 
Accordingly, academic researchers do not perform isolated experiments that have no bearing 
on that research interest. Rather, academics are selective in choosing the focus of their 
experiments, limiting their experimental objectives to the particular area of research that fits 
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into the grand scheme of the research to which their careers are dedicated, for which they 
have received institutional approval to study, and for which they have been granted funding. 

Dr. Hecht summarizes that antisense technology was developed by small, early stage 
companies having limited resources. In view of the need of such companies to conserve their 
limited resources and the knowledge of such companies that a single poorly planned trial 
yielding a negative outcome could devastate an entire business venture, the pioneer 
companies in the antisense field had every incentive to perform animal trials carefully and 
systematically. They conducted animal trials in a highly methodical manner and at 
timepoints dictated by scientific and business judgment to advance to that phase in the 
process of moving their drug candidates toward IND status. Pharmaceutical companies, 
including Isis Pharmaceuticals, Genta Inc., and Hybridon Inc. and their present or past large 
pharma partners including Novartis, Lilly, Abbott, Merck, Aventis, Amgen, Roche, and 
Boehringer Ingelheim, have invested huge amounts of time and money to verify the efficacy 
of antisense drugs in an effort to propel them through clinical phases and into the market. 
Given the enormous costs associated with drug development and marketing, pharmaceutical 
companies would not have invested so heavily in the development of antisense technologies 
if they believed antisense molecules would not work in vivo. 

Indeed, clinical trials of antisense therapies have definitively established that 
antisense technology does work in vivo in accordance with the principles and guidance set 
forth in the present application. For example, the antisense drug fomivirsen (Vitravene™; 
Isis Pharmaceuticals, assignee of the present application) was approved by the FDA for the 
treatment of cytomegaloviral-induced retinitis in 1998. In practice, administration of 
fomivirsen, a 21-mer oligonucleotide directed to the major immediate-early transcriptional 
unit of cytomegalovirus (CMV) is accomplished simply by contacting cells with the 
oligonucleotide in a pharmaceutically acceptable carrier or diluent such as saline. The FDA- 
approved mode of administration of fomivirsen for treatment of CMV is intravitreal injection, 
though any method that would place the relevant cells in contact with the antisense 
oligonucleotide would work. In short, fomivirsen works in vivo in accordance with principles 
of the presently claimed methods. 

The Investigational New Drug Application (IND) for fomivirsen was filed with the 
FDA in 1993, three years prior to publication of the Rojanasakul reference. Pre-clinical data 
was included as part of the IND. Thus, prior to the publication of the opinions of skeptics 
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now relied upon by the Examiner, those skilled in the art already had obtained and submitted 
in vivo data to the FDA, data supporting results contravening that opined by the skeptics. 
Thus, prior to publication of the negative opinions of skeptics, those skilled in the art had 
accomplished that which the skeptics opined would not work. In other words, those of skill 
in the art already were gathering in vivo data in support of their LND well before the 
publication of the opinions of antisense skeptics relied on by the Examiner. 

The mere fact that a few naysayers have predicted that methods such as those claimed 
would not work is of no relevance to the enablement of the instant claims because there is 
undisputed evidence on the present record that such predictions were incorrect. Some level 
of skepticism as to advances in science and technology has always been raised, and probably 
always will. In fact, the magnitude of such skepticism is arguably proportional to the 
magnitude of the advance. In the final analysis, it is not relevant whether skeptics exist but, 
rather, whether they were right. 

Here, the evidence of record clearly demonstrates that the skeptics that the Examiner 
has identified were not right. The invention as set forth in the application and as presently 
claimed has been proven to work in the years following the effective filing date of the present 
application. Indeed, clinical trials of antisense therapies have established that antisense 
technology does work in accordance with the principles and guidance set forth in the present 
application, thereby dispelling the criticism of antisense skeptics including Gura and 
Rojanasakul. 

In short, no further disclosure other than that made by Appellant in 1981 was 
necessary for those skilled in the art to practice the inventions as presently claimed without 
undue experimentation. This is the hallmark of enablement, and in no way is rebutted by the 
mere fact that there were those who doubted whether the underlying technology would 
ultimately be found to work. The methods that Appellant disclosed in 1981 have been 
demonstrated to work repeatedly thereafter. No clearer case of satisfaction of the enablement 
requirement of 35 U.S. C. §112 can be shown. 

B, There is no obviousness-type double patenting. 

Claim 71 stands rejected under the judicially created doctrine of obviousness-type 
double patenting as being allegedly unpatentable over claim 1 of U.S. Patent No. 5,023,243 
(Exhibit 23). Appellant traverses. 
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In determining whether a nonstatutory basis exists for a double patenting rejection, 
the issue is whether any claim in the application defines an invention that is merely an 
obvious variation of an invention claimed in the patent. When the claimed subject matter is 
patentably distinct from the subject matter claimed in a commonly owned patent, a double 
patenting rejection is improper. Eli Lilly & Co. v. Barr Labs., Inc., 58 U.S.P.Q.2d 1865 (Fed. 
Cir. 2001). Any analysis employed in an obviousness-type double patenting rejection 
parallels the guidelines for analysis of a 35 U.S.C. § 103 obviousness determination (In re 
Braat, 19 U.S.P.Q.2d 1289 (Fed. Cir. 1991)); however, a double patenting rejection must rely 
on a comparison of only the claims. MPEP § 804, part III. 

Claim 71 recites a method for selectively inhibiting the expression of a target protein 
in a cell producing messenger ribonucleic acids, the method comprising the steps of 
synthesizing an oligonucleotide having a base sequence substantially complementary to a 
subsequence of a messenger ribonucleic acid, wherein the subsequence encodes the target 
protein, introducing the stabilized oligonucleotide into the cell, and hybridizing the stabilized 
oligonucleotide to the subsequence of messenger ribonucleic acid to inhibit expression of the 
target protein. 

In contrast, claim 1 of U.S. Patent No. 5,023,243 recites a method of selectively 
inhibiting in vivo synthesis of one or more specific targeted proteins comprising the steps of 
synthesizing an oligodeoxyribonucleotide having a nucleotide sequence substantially 
complementary to at least a portion of the base sequence of messenger ribonucleic acid 
coding for the targeted protein. In the claims of the '243 patent, at least a portion of the 
oligodeoxyribonucleotide is in the form of a phosphotriester to limit degradation in vivo. 
Claim 1 of the '243 patent calls for introducing the oligonucleotide into the cell and 
hybridizing the oligonucleotide to the subsequence of messenger ribonucleic acid to 
substantially block translation of the base sequence and to inhibit synthesis of the targeted 
protein. 

It is asserted that claim 1 of the '243 patent is a specific embodiment of claim 71, 
thereby rendering present claim 71 obvious. Appellant disagrees. The oligonucleotide of 
present claim 71 has a sequence substantially complementary to the coding portion of the 
target mRNA, whereas the sequence of the oligodeoxyribonucleotide of claim 1 of the £ 243 
patent is substantially complementary to any region of the mRNA coding for the targeted 



DOCKET NO.: ISIS-4502 -19- PATENT 

protein. Because the portion of the target protein to which the oligonucleotide of claim 1 of 
the '243 patent is not limited to the coding region of the mRNA, that claim is not a specific 
embodiment of, and thus does not render obvious, claim 71 of the present application. No 
prima facie case of nonstatutory obviousness-type double patenting exists. 

8. APPENDICES 

A listing of the claims involved in the present Appeal, as amended by the response 
filed September 17, 2003, is provided in the attached Claims Appendix. 

The following exhibits, already of record as noted, are provided in the attached 
Evidence Appendix: 

Mercola and Cohen {Cancer Gene Therapy, 2(l):47-59, 48-49 (1995)) (Exhibit 1), 
cited in the Reply to Examiner's Answer submitted June 28, 1996 and marked entered by 
Examiner September 30, 1996; 

Dr. Jerry L. Ruth Declaration of August 29, 1994 (Exhibit 2), submitted with the 
Amendment of August 19, 1994; 

Dr. Jerry L. Ruth Declaration' of April 14, 1995 (Exhibit 3), submitted with the 
Amendment of April 14, 1995; 

Dr. Dennis E. Schwartz Declaration of August 19, 1994 (Exhibit 4), submitted with 
the Amendment of August 19, 1994; 

Dr. Dennis E. Schwartz Declaration of April 14, 1995 Declaration (Exhibit 5), 
submitted with the Amendment of April 14, 1995; 

Dr. Stanley T. Crooke Declaration (Exhibit 6), submitted with the Response of June 
17, 2002; 

U.S. Patent No. 3,687,808 to Merigan et al (Exhibit 7) (submitted by way of 
supplemental information disclosure statement filed June 17, 2002); 

Miller et al. {Biochemistry, 13(24): 4887-4906 (1974)) (Exhibit 8), submitted by way 
of the information disclosure statement of October 15, 1993; 

Matzura and Eckstein {Eur. J. Biochem., 3: 448-452 (1968)) (Exhibit 9), submitted 
by supplemental information disclosure statement of June 17, 2002; 

Agarwal and Riftina {Nuc. Acids Res., 6:9, 3009-3024 (1979)) (Exhibit 10), 
submitted by supplemental information disclosure statement of June 17, 2002; 
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DeClercq et al {Virology, 42:421-428 (1970)) (Exhibit 11), submitted by 
supplemental information disclosure statement of June 17, 2002; 

Miller et al (Biochem., 20(7): 1874-1880 (1981)) (Exhibit 12), submitted by way of 
the information disclosure statement of October 15, 1993; 

Holy ("Synthesis and Biological Activity of Some Analogues of Nucleic Acids 
Components," in Phosphorus Chemistry Directed Towards Biology, WJ. Stec, Ed., 
Pergamon Press, 53-64, 1980) (Exhibit 13), submitted by supplemental information 
disclosure statement of June 17, 2002; 

Gura (Science, 270: 575-577 (1995)) (Exhibit 14), cited in the Examiner's Answer of 
April 30, 1996; 

Rojanasakul (Adv. Drug Delivery Revs., 18: 115-131 (1996)) (Exhibit 15), cited in 
the Examiner's Answer of April 30, 1996; 

Hijiya (PNAS USA, 91:4499-4503 (1994)) (Exhibit 16), submitted as Exhibit 9 of the 
Declarations of Dr. Ruth and Dr. Schwartz submitted with the Amendment of April 14, 1995; 

Declaration of Dr. Sidney M. Hecht (Exhibit 17), submitted with response of March 
7, 2003; 

Fingl and Dixon (Chapter One, "General Principles", In THE PHARMACOLOGICAL 
Basis of Therapeutics, 4 th edition, L.S. Goodman and A. Gilman, Eds. (1970), a copy of 
which is of record as Exhibit 2 to the Declaration of Dr. Sidney M. Hecht) (Exhibit 18); 

Mirabelli et al (Anti-Cancer Drug Design, 6:647-661 (1991) (Exhibit 19), a copy of 
which is of record as Exhibit 3 to the Declaration of Dr. Sidney M. Hecht; 

Crooke (Ann, Rev. Pharmacol Toxicol, 32:329-376 (1992) (Exhibit 20), a copy of 
which is of record as Exhibit 4 to the Declaration of Dr. Sidney M. Hecht); 

Cossum (J. Pharm. and Exp. Ther., 267(3):1 181-1 190 (1993) (Exhibit 21), a copy of 
which is of record as Exhibit 5 to the Declaration of Dr. Sidney M. Hecht); 

Stepkowski et al (J. Immunol, 153:5336-5346 (1994) (Exhibit 22), a copy of which 
is of record as Exhibit 6 to the Declaration of Dr. Sidney M. Hecht); and 

U.S. Patent No. 5,023,243 (Exhibit 23), first cited by the Appellant to the Examiner 
in the Response to Advisory Action filed July 20, 1995. 
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As there are no other appeals or interferences known to Appellant, a Related 
Proceedings Appendix is not attached hereto. 

The Appeal Brief is believed to be fully conforming with rule and statute and is in 
condition for consideration by the Examiner and response thereto. If the Examiner believes a 
telephone conference would expedite resolution of the issues on appeal, the undersigned may 
be contacted at 215-568-3100. 



Respectfully submitted, 



Date: October 18, 2004 




Registration No. 47,042 

John W. Caldwell 
Registration No. 28,937 

Woodcock Washburn LLP 
One Liberty Place - 46th Floor 
Philadelphia PA 19103 
Telephone: (215) 568-3100 
Facsimile: (215) 568-3439 
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In re Application of: Richard H. Tullis Confirmation No.: 9155 
Serial No.: 08/078,768 Group Art Unit: 1631 

Filing Date: June 16, 1993 Examiner: James Martinell 

For: Oligonucleotide Therapeutic Agent And Methods Of Making Same 

EXPRESS MAIL LABEL NO.: EL 998517913 US 
DATE OF DEPOSIT: October 18, 2004 

Mail Stop Appeal-Brief Patents 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

CLAIMS APPENDIX TO APPELLANT'S SUBSTITUTE BRIEF 

The following constitutes a complete listing of the claims on appeal. The Amendments 
of September 17, 2003 in response to the Office Action of June 17, 2003 are included. 

64. A method of selectively inhibiting the expression of a target protein in a cell 
producing messenger ribonucleic acids encoding the target protein and other proteins without 
inhibiting the expression of the other proteins, said method comprising the steps of: 

(a) synthesizing an oligonucleotide having a base sequence substantially 
complementary to a subsequence of a messenger ribonucleic acid said subsequence coding 
for the target protein, 

(b) introducing the oligonucleotide into the cell; and, 

(c) hybridizing the oligonucleotide to the subsequence of the messenger ribonucleic 
acid to inhibit the expression of the target protein. 

65. The method of claim 64 wherein the entire sequence of the oligonucleotide is 
complementary to the subsequence of a messenger ribonucleic acid coding for the target 
protein. 
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66. The method of claim 64 wherein the oligonucleotide is at least 14 bases in length. 

67. The method of claim 64 wherein the oligonucleotide is about 23 bases in length. 

68. The method of claim 64 wherein the oligonucleotide is between 14 and 23 bases in 
length. 

69. The method of claim 64 wherein the messenger ribonucleic acid is viral 

70. The method of claim 64 wherein the messenger ribonucleic acid encodes a hormone. 

71. The method of claim 64 wherein the oligonucleotide is stabilized to inhibit 
degradation by nucleases. 

72. The method of claim 64 wherein the oligonucleotide is an oligodeoxynucleotide. 

73 . A method of selectively inhibiting the expression of a target protein in a cell 
producing messenger ribonucleic acids encoding the target protein and other proteins without 
inhibiting the expression of the other proteins, said method comprising the steps of: 

selecting a synthetic oligonucleotide that has enhanced resistance against nuclease 
enzymes and has a base sequence substantially complementary to a subsequence of a 
messenger ribonucleic acid of said cell, said subsequence coding for the target protein, 
introducing said synthetic oligonucleotide into the cell, and 
hybridizing said synthetic oligonucleotide to the subsequence of the messenger 
ribonucleic acid to inhibit the expression of the target protein. 

74. The method of claim 73 wherein said synthetic oligonucleotide is between 14 and 
about 23 bases in length. 

75. (Previously presented in Amendment submitted September 17, 2003) A method 
of selectively inhibiting the expression of a target protein in a cell producing messenger 
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ribonucleic acids encoding the target protein and other proteins without inhibiting the 
expression of the other proteins, said method comprising the steps of: 

selecting a synthetic oligonucleotide that has enhanced resistance against nuclease 
enzymes and has a base sequence substantially complementary to a subsequence of a 
messenger ribonucleic acid of said cell, said subsequence coding for the target protein, and 

introducing said synthetic oligonucleotide into the cell to hybridize said synthetic 
oligonucleotide to the subsequence of the messenger ribonucleic acid. 

76. The method of claim 75 wherein said synthetic oligonucleotide is between 14 and 
about 23 bases in length. 

77. (Canceled in Amendment submitted September 17, 2003) 

78. A method of selectively inhibiting the expression of a target protein in a cell 
producing messenger ribonucleic acid encoding the target protein, said method comprising 
the steps of: 

selecting a base sequence substantially complementary to said messenger ribonucleic 
acid of said cell coding for the target protein, 

providing a synthetic oligonucleotide that is stabilized against in vivo degradative 
enzymes, said synthetic oligonucleotide having said selected base sequence, and 

introducing said synthetic oligonucleotide into the cell whereby said synthetic 
stabilized oligonucleotide hybridizes to the subsequence of the messenger ribonucleic acid. 

79. The method of claim 78 wherein said synthetic oligonucleotide is between 14 and 
about 23 bases in length. 

80. A method of selectively inhibiting the expression of a target protein in a cell 
producing messenger ribonucleic acids encoding the target protein, said method comprising 
the steps of: 

selecting a plurality of base sequences that are complementary to said messenger 
ribonucleic acid, 

providing a synthetic oligonucleotide corresponding to each of said base sequences, 
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selecting a preferred one of said synthetic oligonucleotides for inhibition of the 
expression of said target protein in a cell, and 

using said selected oligonucleotide for inhibition of said target protein in cells. 

81 . The method of claim 80 wherein said synthetic oligonucleotides are oligonucleotides 
stabilized against in vivo degradative enzymes. 

82. The method of claim 80 wherein said selected synthetic oligonucleotide is between 14 
and about 23 bases in length. 

83. The method of claim 80 further comprising the step of synthesizing bulk amounts of 
said selected oligonucleotide for inhibition of said target protein in vivo. 
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REVIEW ARTICLE 



Antisense approaches to cancer gene therapy 

Dan Mercola 1 and Jack S. Cohen 2 

The San Diego Regional Cancer Center/ San Diego, California and the Center for Molecular Genetics/ 
University of California, San Diego, California; and Cancer Pharmacology Section, 2 
Georgetown University Medical Center, Washington, DC. 

Recent advances in the use of oligodeoxynucleotide and plasm id-derived RNA as antisense agents of special relevance to cancer 
gene therapy are summarized with emphasis on agents and systems which have lead to clinical trials and/or regression of 
esiablished wmors ih animal model systems. Transformed cell lines bearing plasmids and viruses designed for the transcription of 
antisense RNA have the -advantage that they can be characterized thoroughly and the effects of antisense RNA on target gene 
expression and phenotype can be studied easily in vivo. Promising results make the considerable efforts of applying oligode- 
oxynucieotides in whole animals and in clinical trials more plausible. Conversely, oligodeoxynucleotide experiments which yield 
promising results in tissue culture can be generalized to the in vivo setting by development of clones of cells bearing 
plasm id-derived antisense RNA againstthe same target Several examples of the concordant results for oligodeoxyrtucleotide and 
plasmid-derived antisense RNA against the same target are considered. The importance of examination of antisense effects ki 
syngeneic and immunocompetent hosts is illustrated by studies of insulin-like growth factor and insulin-like growth factor recepior 
where tumor regression and protection against tumor formation have been observed for particular cell types in defined settings. 



Key words: Antisense RNA; cancer; gene therapy; tumor regression. 



The antisense approach to gene therapy comprises 
the use of a substance to intervene in the natural 
processing of genetic information in the cell, 1 - 3 particu- 
larly when an aberrant gene is causing disease. Generally 
these substances will be nucleic acids, and will contain 
genetic information in their base sequences. Hie sub- 
stance could be produced biologically/ie, by the use of a 
suitable vector, such as a plasmid or attenuated virus,* in 
the form of an antisense MRNA that binds by comple- 
mentary Watson-Crick base pairing to the natural sense 
mRNA. Alternatively, the antisense substance in ques- 
tion will be synthesized chemically. The simplest form of 
such a "genetic drug" is a small piece of DNA, an 
ougodeoxynucleotide. These two antisense approaches 
are shown schematically in Fig 1. A related approach 
involves ribozymes which are catalytic ribo-oligomers 
that degrade a complementary mRNA after binding via 
antisense base pairing (Fig 2). 

As well as antisense, there are other related ap- 
proaches that— instead of inhibiting translation— axe 
designed to inhibit transcription^ These are (1) triplex 
formation, in which an oligomer is targeted to the gene 
directly and, by binding in the major groove of DNA, 
forms a triple-stranded helix, and (2) rjbe use of tran- 
scription factor decoys that are duplexes designed to 



bind to a particular transcription factor thereby prevent- 
ing its normal function (Fig 3). There are many similar- 
ities as well as differences between each of these strate- 
gies. We will first consider the applications and 
development of synthetic oligomers, and then the meth- 
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FJgure 1, Schematic of translation arrest either endogenous^ by an 
enteense mRNA fransfected via a suitable vector, or axogenously 
by an antisense olfpodeoxynucJeotJde. 
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Figure 2. Schomatic of a ribozyme; the bases labeled Y are the 
antisense sequence. The arrow Indicated the point of scission on the 
tartiet mRNA by the active site region. 

ods that utilize endogenous antisense mRNA produc- 
tion. 



ANTI SENSE OLIGODEOXYN UCLEOTKD ES 

Cell uptake 

In all of these genetically based strategies the oligomer 
used must be able to enter the cell to interact with the 
genetic machinery, and consequently they must cross the 
cell membrane. Since these substances are all oligomeric 
(single or double stranded) and have negatively charged 
phosphate backbones, their charged nature represents a 
potential problem. However, there is now ample evi- 
dence that these compounds do enter the celL, most 
likery by endocytosis, 5 and they do reach their target It 
should be remembered that since the target (such as 
mRNA) is present in nanomolar concentrations, only a 
very small proportion of the extraceDular or intracellular 
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Figure 3. Schematic 6f transcription arrest either by triplex forma- 
tion or by transcription factor decoys. 
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drug is needed to be effective. Means to improve the 
cellular uptake of these substances will be discussed 
below. 

Oligodeoxynucleotide analogs 

Cells and organisms protect themselves against foreign 
DNA and RNA by producing nucleases that degrade 
phosphodiesters.* To transform an oligodeoxynucleotide 
into an effective drug it is necessary to chemically modify 
it so that it is resistant to these nucleases. The simplest 
way of doing this is to modify the phosphodiestec 
backbone, such that a group or atom is substituted for 
one of the phosphate oxygens, thus forming a resistant 
bond. The iwo most common such analogs are the 
methyl-phosphonate, using a methyl group, or phospho- 
rothioate, in which a sulfur atom is used as a substitnent 
(Fig 4). There are many other ways of modifying the 
basic mononucleotide unit* and these have recently been 
^reviewed. 3 An tateresting new analog is that in which the 
whole deoxyribose-phosphate backbone is replaced with 
a peptide-like backbone, to form a series of compounds 
called the peptide nucleic acids or PNAs (Fig 4). 7 These 
compounds herald the development of a whole new 
category of synthetic gene-mimetic substances. 9 

Pharmacokinetics 

Several studies of pharmacokinetics of oligodeoxynucle- 
otides have been reported in both mice and rats. Since 
the phosphorothioatc analog is water soluble and is 
easily synthesized it has been the most widely used and 
tested for its pharmacokinetic and toxicological proper- 
ties. 8 - 10 The results indicate that these oligomers can be 
expected to provide sufficient tissue concentration to be 
effective drugs. Notably, the slower plasma clearance 
process after single dose injection has a half-life of many 
hours (eg, mean 34 hours in rats 10 ). 

The Anti'gene approach 

Since DNA itself is a tightly bound double helix, it is 
unlikely that a single-stranded oligomer will be able to 
disrupt the duplex and bind in an antisense manner. 
Consequently advantage is taken of the fact that in the 
B-form of DNA the large major groove leaves enough 
space for a third strand to bind to form a triple helix or 
triplex. The specificity for this binding is noi Watson- 
Crick pairing, since the base pair is already formed, but 
is Hoogstecn (or anti-Hoogsccen) hydrogen-bonded in- 
teractions of a third base with the already formed pair. 11 
The efficacy of this approach has been demonstrated 
using catalytic groups, conjugated to the end of an* 
oligomer, that can degrade the target DNA in one (or a 
few) sites, 12 and it has also been demonstrated to work in 
vitop. 13 However, the development of this approach has 
not yet proceeded beyond the preclinical stage. 

Transcription factor decoys 

The idea of sequestering transcription factors, or in 
general proteins with a binding site for a specific DNA 
sequence, has been proposed. The use of a duplex of 
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Figure 4, Comparison of monomerfc units making up the DNA phosphate backbone st/uctures in natural and "ran-hyrjrolyzabte" synthetic 
drtvatives. ' 



phosphorothioate oligomers has been reported. 14 Alter- 
natively, to overcome the problem of degradation by 
exonucleases, and the potential dissociation of the du- 
plex in vivo, cyclic oligonucleotides were developed." 
These cyclic oligomers have interesting properties, one 
of which is to bind to a single-stranded region to form a 
triplex, so they might be useful to select for a single 
stranded target nucleic acid in vivo. However, the non- 
self-complementary single stranded bridge regions are 
susceptible to endonuclease degradation. To overcome 
this cyclic oligonucleotides with nonnucleotide bridges 
-have been synthesized in which the ends are connected 
3' to 5'. 16 These may be effective decoys because they are 
highly stabilized; they are prepared by ligation after 
synthesis with the bridges present. This locks the duplex 
in place and since the bridges prevent unwinding, very 
high melting temperatures are observed, and the tightly 
wound helix is also resistant to endonudeases. 16 So far 
no actual applications of these decoys have been re- 
ported. 

Antisense 

By far the most developed topic in this area of drug 
development, antisense has the attractive simplicity of 
an elegant idea. But, in practice, as with any therapeutic 
modality, problems arise, notably; (a) degradation of the 
oligomer (even chemically modified analogs are eventu- 
ally degraded in vivo); (b) inefficient cell uptake; (c) 
nonspecific binding (binding of oligomers to cell mem- 
branes a»d to proteins); (d) nonspecific cleavage of 
mRNA (due perhaps to partial or transient base pairing 
of the oligomer to sequences other than the target 
sequence). Nevertheless, some 36 applications of phos- 
phorothioate oligonucleotides have been reported,* and 
these represent a considerable body of evidence that 
antisense is a useful approach for delineation of gene 
function, apart from its therapeutic potential. 

Ribozymes 

Rtoozytnes are essentially antisense oligomers in which 
the antisense portion flanks an RNA active site that 
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cleaves a bound RNA. Ribozymes exist naruraJry, but 
have been adapted to degrade a specific mRNA se- 
quence. 17 Note that although ribozymes are generally 
considered to be composed entirely of RNA, it is 
possible to synthesize analogs in which many of the. 
residues are chemically modified; for example, with 2' 
substituents such as O-Methyl and Fluonx" Recently a 
clinical trial has begun of a riboaryme targeted on HIV." 

Methods of delivery 

Apart from direct injection of oligomers, several meth- 
ods of delivery have been tried in vitro, by forming 
complexes with positively charged lipids, 10 by incorpto- 
ration into liposomes,^ and by dectroporation. At 
present no single method has been reported that com- 
bines the properties of both efficacy and targeting. Two 
parameters may be helpful, (a) the fact that oligomers 
tend to accumulate in specific tissues, 8 thus providing a 
crude tissue targeting, and (b) the use of stericalty 
hindered immunoliposomes used to deliver genes in 
gene therapy, may also become carriers for oligomers. It 
should be noted that oligomers are almost certainly 
protein-bound in x vwo, and the impact of this fact on 
their efficacy, delivery, and excretion has not been 
clarified. Specific examples of systemic delivery to block 
or promote repression are discussed in comparison with 
the results for the corresponding stably produced anti- 
sense RNA in transfected clonal lines in the next section. 

Clinical trials 

The ability to carry out clinical trials of oligonucleotides 
represents the accumulation of several years of effort, 
not only preparing oiigodeoxynucleotides and analogs in 
large quantities, 21 but also raising this synthesis to the 
level of good manufacturing practice. As an example of 
the use of an antisense oligonucleotide in an animal 
disease model, an anti-c-myb phosphorothioate oligonu- 
cleotide has been reported to result in the elongation of 
life of nufnu athymic mice in a model tumor system. 23 
Clinical trials of antisense oligonucleotides are under- 
way against five diseases (Table \)P^*> Overall several 
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Table 1. Clinical Tri&to of Antisense Phosphorothioate 
Oligonucleotides 



Disease 


Target- 


Companyf 


AIDS 


HIV 


Hybridan, inc. 


Chronic myelogenous 


myb 


Lynx Therapeutics, Ino. 


leukemia (CML) 


BCR/ABL 




Acuta lymphoblastic 


p53 


Lynx therapeutics. Inc. 


leukemia "(AML) 






Genital warts 


HPV 


Isls Pharmaceuticals, Inc. 


Retinitis 


CMV 


Iste Pnarrnooeuticals, Inc 



-HIV, human immunodeficiency virus; HPV, human papilloma- 
virus; CMV, cytomsgakwlrus. 
fFor fu rt her information contact the c ompany. 



hundred patients have been treated in these trials, and 
so far no untoward side effects have been reported. 
Because of the cost of these compounds, local ox topical 
application is preferred, for example in the use against 
genital warts the drug is injected at the site of the 
lesion, 23 and for retinitis it is used in drops. 26 In the cased 
of the leukemias, bone marrow purging is another 
strategy 27 that could maintain efficacy while keeping 
costs down. In the case of HIV-1, at least one ribozyme 
that cleaves HTV-1 RNA is in phase I clinical trials and 
the GEM91 phosphorothioate oligodeoxynucleotide of 
Hybridon, Inc which targets gag RNA transcript se- 
quences, is starting phase II trials in France (Table 1). 

The use of antiseaSe oligonucleotides to treat AML 
illustrates the versatility as well as the vicissitudes expe- 
rienced during the development of antisense p53 oligo- 
nucleotides for clinical use (£. Bayever, personal com- 
munication*). The tumor suppressor gene product, p53, 
is — surprisingly — markedly elevated in all AML patients 
studied p53 is rarely elevated in noiunanipulatcd nor- 
mal bone marrow cells and rarely mutated in AML The 
findings that p53 is an abnormally elevated protein were 
the basis of cell culture studies which revealed that 
antisense oligonucleotides targeting p53 caused efficient 
cell killing. However, kinetic studies revealed that, al- 
though p53 levels decreased initially in antisense treated 
cells, the levels returned co normal or higher values by 72 
hours. The elevated levels persisted for days suggesting 
that apoptosis may account for the impressive in vitro 
killing. 

A phase I clinical trial employing graded doses of an 
antisense p53 oligonucleotide failed to exhibit evidence 
of therapeutic effects, 23 The in vivo setting differs from 
that in tissue culture in that the oxygen in vivo level is 
much reduced. Tissue culture experiments were carried 
out at low-oxygen tension and no effect of the pS3 
oligonuleotide was seen. The condition of increased 
cellular oxygen was modeled by adding agents which 
promote "oxygen stress", such as and Mito- 

xantrone 91 — a known ANfL chemotherapeutic agent. 
The use of oxygen radical producers was associated with 
increased the levels of p53 — possibly owing to DNA 
damage. These conditions restored the effect of anti- 
sense p53 oligonucleotides at low-oxygen tension. Phase 
I/II clinical trials 42 are currently underway in which a 



"combined approachTof TV infusion "of 0.20 mg of syn- 
thetic phosphorothioate antisense p53 oligonucleo- 
tide/kg of body weight per hour for 7 days followed at 48 
hours, the optimum time for enhancement, by treatment 
with Mitoxantrone for 3 days and cytosine arabinoside 
for 5 days. The complete course will last for 7 days. 

In a separate clinical trial, ex vivo bone marrow 
purging is also being explored using the same antisense 
p53 reagent but at somewhat reduced levels. 42 Marrow 
cells are exposed to 10 **M oligonucleotide once for 36 
hours before reiofusion. The antisense treatment is 
combined with pretreatment using conventional chemo- 
therapeutic agents such as such as VP-16, BCNU and 
-others sieveraJ days-befc^e remfu^on with the "purged" 
marrow. To date nine patients have been treated. 

Prospects 

The therapeutic application of oligonucleotides and 
their derivatives is very much in its infancy. While the 
initial expectations of a few short years ago may not have 
been realized in immediate cures, this unlikely outcome 
rested more on concepts of science fiction and unre- 
strained hope. The fact that there are five clinical trials 
of antisense oligomers underway, and that there are 
many start-up companies working intensely on their own 
specialized approaches, indicates that the hard problems 
that need to be overcome in transforming a simple idea 
into a truly therapeutic method are being tackled. It is to 
be hoped that human diseases of genetic origin win 
eventually yield to approaches based on these genetic 
medicines. 



RECENT ADVANCES IN PLASMID-DERlVED 
ANTISENSE RNA 

Oligonucleotide versus ptasmid delivery 

The use of antisense RNA producing constructs for the 
Inhibition of transformation has been growing steadily 
(Fig 3) since the application of Izant and Weintranb in. 
1985 to inhibit the synthesis of actin. 19 There are impor- 
tant advantages and disadvantages compared with oh- 
godeoxynucleotides. First, oligodeoxynucleotides likely 
function first in the cytoplasm to effect arrest of trans- 
lation, direct ribomiclease-H activity and to inhibit cru- 
cial functions by selective protein binding as well as 
other effects. Plasmid-derived RNA is produced in the 
nucleus. Nuclear hybrid formation with target mRNA 
may interfere with target mRNA transport from the 
nucleus, may stimulate modification and breakdown of 
the mRNA via ribonucicase H-likc activity, may inter- 
fere with transcription of the complementary DNA 
strand and may bind exposed regulatory DNA se- 
quences. Second, plasmid-derived antisense RNA is 
usually very large compared with a typical 15-20 nt 
ohgodeaxynucleotide and, therefore, may have more 
than one binding site on the target mRNA Also, the 
large size may favor the formation of nonspecific altera- 
tions. In addition, antisense RNA and/or mRNA may 
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have considerable secondary structure which may inter- 
fere in hybrid formation. 

The major advantages of stably expressed antisense 
rNA derives from the ability to generate stable cell lines 
for thorough analysis. Mass cultures or cloned cell lines 
with stably inserted DNA which encodes antisense RNA 
allow for thorough examination of a broader range of 
properties including the in vivo phenotype as observed in 
syngeneic or immunodeficient recipients. For example, 
in the case of antisense RNA directed against insulin* 
like growth factor (IGF-I), in vivo studies lead to the 
observation of an apparent enhanced immune response 
which was associated with complete turoor regression. 31 
Once a crucial target or. desirable effect has been 
identified, the justification for the extensive investment 
necessary for in vivo studies with oligodeoxynucleotidcs 
directed against the same target is more plausible. 
Conversely, promising results that were originally ob- 
served with antisense oligodeoxynucleotldes In tissue 
~ curfliremay bemore easily extended'tGw vfvosetting for ~ 
rumor inhibition studies by development of antisense 
RNA- expressing clones. 

If a relatively large segment of DNA has been used for 
stable production of antisense RNA, it may be necessary 
to carry out a deletion analysis to identify the most active 
sequence. Holt et aP** 35 employed a relatively short 84 
bp segment of 5' n encoding c-/bi DNA in antisense 
orientation to successfully inhibit c-fos expression in vivo 
and Schdnthal et al 53 used as little as 40 nts of 5' ojun in 
antisense orientation to successfully inhibit c-jun expres- 
sion* Finally, if retroviral or other viral constructs are 
used, the option is available to create retroviruses or 
other infective agents for application in vwo.**- M 

Direct targeting of causative oncogenes 

A mini et al 30 first used antisense sre RNA expressing 
plasmids to inhibit the expression of Vnsnc in arc-trans- 
formed cells which -substantially reduced tumor fonna- 

3 for the | tion in athymic mice. Thus, direct targeting of the 

; steadily causative oncogene may have efficacy in a tumor forma- 

itraub in tion model (Tabic 2). This has been extended to human 

chnpor- tumor cells using techniques that are promising for 

with oli- therapy. 43 73 The human large cell lung carcinoma cell 

les likely line H460a, there is a diafieiic mutation in K-ror at 

of trans- codon 61, a change leading to an activated K~ros and 

libit cm- transforming product* The K-w mRNA was targeted by 

; well as infection of the cells with a retrovirus of very high titer 

jd in the (amphotropic-ecotropic "ping-pong" reinfection pro to- 

t mRNA col) which contained 2 kb of K-w cDNA bearing exons 

join the II and III in sense or antisense orientation with respect 

:down of to a 0-actin promoter. Up to 95% of the tumor cells 

ay inter- could be transduced following 5 to 7 exposures to the 

ty DNA retrovirus. Remarkably, antisense RNA expressing 

)NA se- clones, but not sense controls, :e^lrited specific suppres- 

RNA is Ston of K-w steady-state transcript and protein levels 

15-20 nt with little decrease in other Ras family members even 

ve more though there is up to 85% sequence identity (N-ray, exon 

Mso, the j H). The antisense-regulated cells exhibited suppressed 

ic intera- growth in soft agar. Tumor formation and tumor growth 

NA may in athymic mice was much reduced — but not eliminated 
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(Table 2). The expieriments have been extended to a 
clinical trial. 42 

Antisense N-mr has been applied to human pLC/prf/5 
hepatoma lines by direct infection with an amphotrophic 
retrovirus." Human lung diploid fibroblasts and sense 
control hepatoma cells were unaffected while the anti- 
sense-expressing cells were severely growth retarded. 

Antisense H-ros combined with a hammerhead ri- 
bozyme has been exploited to inhibit several tumorigenic 
human cell lines (Table 2). Stable lines of human 
bladder carcinoma EJ cells bearing the ribozyme were 
implanted in the bladders of athymic mice. 84 Tumor take 
was considerably reduced and subsequent invasion was 
decreased leading to arj almost twofold increase in 
survival compared with mice bearing tumors of control 
cells. The results clearly indicate the potential of ri- 
bozymes as anticancer agents. 

Antisense oligonucleotides and plasmid-derived anti- 
jense_RNA hi aye be en_us ^d_to evaluate the role of 
CRIPTO, a member of the epidermal growth factor 
receptor family, in the transformation of human GEO 
and CBS colon carcinoma cells. 3 * 5 Two different anti- 
sense phospborothioate oligod eoxynucl eotides sup- 
pressed CRIPTO expression and growth but had no 
effect on CRlFTO-negative colon carcinoma cells. 
Clones infected by a retrovirus bearing CRIPTO se- 
quences in antisense orientation also exhibited reduced 
CRIPTO expression. When transplanted into athymic 
mice, tumors of the antisense regulated cells appeared 
later and grew slower than the CRIPTO-negative dones 
(Table 2). L 
A recurring theme is the inability to completely sup- 
press tumor formation (Table 2) and, by implication, an 
inability to suppress established tumors. As one possi- 
bility, the presence of multiple oncogenic contributions, 
which are common in aneuploid human tumors, 49 may 
be a complication. Thus, transcription factors such as 
c-fbs which act downstream of several known protoon- 
cogene products such as osrc, c-ros, or c-m/and multiple 
growth factor signal transduction pathways have been 
targeted (Table Antisense c*fo$ RNA completely 
eliminated c-fos expression in v~sis transformed cells 
which continuously express a potent mitogenic factor, 
PDGF-B/v-sri5, which has over 90% homology to the 
PDGF-B/c-o? product. 32 The antisense-regulated cells 
exhibited a fiat morphology, restored contact inhibition 
as well as decreased tumorigenicity in athymic mice.* 2 
Other studies targeting c-/ay in roj-transformed cells 
yielded qualitatively similar results (Table, 2). However, 
complete suppression of tumor formation has not, in 
general,: been achieved (Table 2). The instability of 
vectors in vivp, the presence of multiple mechanisms of 
hnmoitahzarjon and transformation may all contribute 
• to the problem. Advances have been achieved jrith the 
use of antisense RNA-directcd against components of 
the insulin-like growth factor-I (IGF-I) signal transduc- 
tion pathway of glioblastoma cells. 37 * 50 - 51 * 53 - 56 The re- 
sults provide hints for optimizing other systems such as 
those targeting c-fos and related genes. 
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Table 2. Examples of the Uoe of Piasmld-Derfved Antoense RNA for Control TumorlgenJclty 



Construct 



Gene 
Target 



Transduced Cell 
Type 



Animal M octet 



Remarks 



pMMTIsrclNV c-src 

Inducible MT prom. 

3.6 Kb AS 
pSVeof. 1.7kb c-fos 

antisense w. axons 

l&H 
pMMTVsof dex. 

inducible; S4 op 

antisense ~ 
C-Ha-Ras A3 2 kb w. c-H-ms 

exon I 



j3ACTIN-K-fwAS/ 

LNCX 2 kb AS w. 

axons I & II 
EJpHpH-rasRB 

Hammerhead 

RIbozyme 



pSVI -ASuPA-265 



pR509-8-1fiCMV 
prom. 1 Mb AS 



PMSG021, 
betamethasone 
inducible 

Retrovirus 800 rtt AS 
hygromycin 
resistance 



pAMTHGF-l eplsomal 
replication via 
expression of 
EBNA & EE on; MT 
prom., 1 kb AS 

pH$P»IGF-lfl 
309ntAS 



c-K-ras 



C-H-T3S 



Urokinase 



BCL2 



p120 



CRIPTO 
EGF 
receptor 
family 
member 

IFG-I 



K3F-I 
Receptor 



MTAg-transfomied 
FR3TT3 Cells 

PDGF-B/ste- 
transformed 
HIH-3T3 oells 

H-ras-transformad 



H-ras-transformed 
GCM-3T3and 
REF-4.3 cells 

human rung 
carcinoma 
H460a 

H-nss-transfonrifid 
NIH-3T3 ceDs; 

mcf-7 breast 
care. 
Hu bladder 
carcinoma 
EJ cells 



murine melanorna 
B16-PI0 cells 



BCL/c-myc 
transformed 
human Jurkat 
T-cells 

pi SO-transformed 
NIH-3T3 cells; 
MCF-7 hu 
breast care. 

Hu Colon 
carcinoma GEO 
& CBS cells 



Rat glioblastoma 
C6 



Rat glioblastoma 
C6 

Hu glioblastoma 
T98G 



Syngeneic Rate; 
TUMORIQENICrTY REDUCED 

Athymic mice; 
TUMORIGENICITY REDUCED 

TUMORIGEN1CTTY REDUCED 



Athymte mice; 
ITJMORIGENlGiTY REDUCED 

Athymic mice; 
TUMORIGENICFTY REDUCED 

COMPLETE INHIBITION OF 
TUMORIQENICITY 



Athymic mice; 
REDUCED TUMOR TAKE 
REDUCED INVASION 



Athymic mice; 
BLOCKED TUMOR 
FORMATION 

Athymte mice; 
TUMORIGENICITY REDUCED 



Athymic mice; 

REDUCED TUMOFBGENICTTY 



Syngeneic rats; 

COMPLETE INHIBITION OF 

TUMORIGENICrTY; 

REGRESSION OF 

ESTABLISHED BRAIN 

TUMORS 
Syngeneic rats (06 only); 

COMPLETE INHIBITION OF 

TVMORlGENICrTY; 

CHALLENGE REJECTION; 

REGRESSION OF 

ESTABLISHED TUMORS 



Early use of plaamkis for 
tumorlgenicity control. 

C'fos Is required for PDGF-8/ 
serum stimulation of 
ceil division. 

Suppression of anchorage- 
Independent growth. 

Observed reduced lung met 
frequency by GCM-3T3. 



Antitumor effects involve 
glioma-epeeffio CD8* 
lymphocytes; anttsense IGF-l 
RNA may block '•tolerance" 
mecheniem; human clinical 
* trial protocol approved 6/93. 

Conforms Antteenss IGF-I 
results; PDGF-B induces 
IGF-J Receptor expression in 
human T98G glioma cells; 
Construct blocks 
autonomous and anchor, 
indep. growth of T96G cells. 



Ref. 



30 



31-32 



35 



39 



Specific suppreesion of specific 45 
Rae ramify member: activated 
K-ras. 

CatalytlcaWy Inactive artasense 49 
RNA oorrtrol plasmid resulted 
in decreased tumorlgenlctty 
only. 

Athymic mica with bladder 34 
implants studlad. Rbz treated 
cells associated w. 2x 
eurvVel 

Transfect'on of B1 6-F1 0 cells 46 
with human urokinase 
expression vect cause 
enhanced metastases which 
te reversed by antisense. 

Scid mice exhibfttng a CML 44 
model (BV173 cells) greatly 
reduces BCR-ABL mBNA In 

Application of antfsense to 47 
human tumor line In vrVo. 



Infection of control WiDR celts 36 
w/o CRIPTO receptor did not 
after growth. 



50-51 



37 
54 



Abbreviations: AS, antisense; Prom., promoter; scid, severe combined Irwrumodefteient- mouse model; Hu, human; MT, metallothtonein 
gene promoter; MMTV, mammary tumor virus promoter; MTAg. Middle-T antigen; LNCX retroviral vector with L = LTR of murine Moloney 
leukemia virus, N = neomycin phosphotransferase gene, C = human cytomegalic virus promoter and X = arbitrary insert of choice ail in 
the order given; EB. Epstein-Barr virus; EBNA, EB nuclear-associated protein; EOF, epidermal- growth factor IGF, InsulwHfoe growth 
factor; Ref., reference (see REFERENCES). 
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MERCOLA AND COHEN; ANTISENSE APPROACHES 

IGF-I and the control of tumor growths 

For some fibroblast lines it has been possible to demon- 
strate that certain growth factors act in a sequential 
fashion (for a review see ref 29). FDGF preferentially 
acts <m events of Go/Gi of the cell cycle to recruit 
quiescent cells into the cell cycle and to effect a state of 
"competence" to respond to ,( progression" fac- 
lors. 38 - 33 "* Progression factors act in late G x to allow 
cells to cross a checkpoint and become committed to S 
phase. For many cells, such as rat C6 and human T98G 
glioblastoma cells, IGF-I is a major progression factor- 
Thus, for tumors that continuously express FDGF, 
IGF-I) and the corresponding receptors, it would be 
expected that intervention in these systems may inhibit 
tumor growth. For example, cells transformed by the 
SV40 large T-antigen (LTAg) often exhibit a reduced 
requirement for any of the growth factors in serum.* 7 
However, primary mouse fibroblasts derived from 
"knockout" mice with a homozygous disruption of IGF-I 
receptor (IGF-IR) gene can not be transformed by 
LTAg- Transformation can be restored by cotransfectfon 
of the "knockout" cells with both and source of LTAg 
and IGF-IR. These experiments convincingly demon- 
strate the dependence of transformation by LTAg on the 
IGF-WGF-IR autocrine system for mouse fibroblasts. 

IGF-I and IGF-IR arc not expressed in normal adult 
glial cells, but are an important components during the 
development of the central nervous system. 58 However, 
IGF-IR appears to be commonly expressed in glio- 
mas. 59 -* 2 The significance of targeting the IGF-I auto- 
crine system in neurological tumors is suggested by the 
recent experience of J. and J. Dan and coworkers 50 - 51 
who targeted the IGF-I gene in rat C6 glioblastoma cells 
and by Baserga and associates 37 who targeted IGF-IR in 
rat C6 and human T98G glioblastoma cells. The former 
studies also reveal a striking role of the immune system. 

For the IGF^I antisense studies, stable lines of the rat 
C6 glioblastoma cells were developed by transduction 
with a plasmid contaroing the Epstein-Barr virus origin 
of replication and encoded nuclear antigen I. This 
construct also contains an IGF-I coding sequence in 
antisense orientation with respect to a metallothionein 
promoter thereby providing inducible antisense RNA 
expression. 50 - 31 The cells exhibited metal-dependent in- 
hibition of IGF-I expression and repression of the 
transformed phenotype in tissue culture. Antisense 
RNA-expressing ceils failed to develop tumors in immu- 
nocompetent and syngeneic rats following doses of 10 7 
cells whereas parental and control cells bearing an 
irrelevant plasmid invariably developed tumors within 2 
weeks. Similar results were observed for B-104 neuro- 
blastoma cells bearing the antisense RNA expressing 
vcctor. so The tumorigeniciry of neuroblastoma cells 
which do not express IGF-I were not prevented by 
expression of antisense IGF-1 RNA and the regression 
of isolated tumors was not effected by treatment with 
such cells. 

Inflammatory nodules containing numerous mononu- 
clear cells were often noted at the site of injection of the 
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antisense RNA-proflucing tumor cells. This was taken as 
evidence of an enhanced immune response to the anti- 
sense RNA-producing. cells. 50 - 51 "The affect could be 
harnessed to promote regression of established tumors 
both at subcutaneous and intracranial sites. First, paren- 
tal C6 glioblastoma cells, which rapidly form grossly 
detectable tumors 4 to 6 days after a single injection of 
10 7 cells, were implanted in one hind limb. Following the 
appearance of tumors 4 to 6 days later, antisense RNA- 
producing cells or parental cells were injected into the 
contralateral limb. Although sample sizes were small 
(n = 10), all tumors including those of control and 
parental cells in animals bearing the antisense RNA- 
producing cells regressed within three weeks and these 
animals remained tumor-free for 13 months/ 1 Second, 
protection against recurrence was shown. If established 
subcutaneous tumors were surgically removed, a high 
proportion (5 of 6) developed local recurrences. How- 
ever, of the surgically treated animals that had been 
inoculated after surgery with 10 7 antisense RNA-pro- 
ducing cells, none of six treated animals developed 
recurrences. 

The most clinically relevant animal model of glioblas- 
toma is the case of an established intracranial tumor in 
an immunocompetent and syngeneic host. Remarkably, 
when this condition was modeled by intracranial inocu- 
lation with parental C6 tumor cells followed by an 
inoculation at a systemic site with 10 7 antisense RNA- 
producing cells, none of the six animals developed an 
intracranial cumor after 4 months whereas five of five 
control animals which had not received a systemic 
inoculation died or showed clear evidence of tumor 
formation. 51 

Several caveats are apparent such as the small sample 
sizes. Also, it is unclear how large the intracranial 
implants were at the time of the systemic inoculations 
which were carried out 2 to 3 days after the intracranial 
implantation injection. Several separate experiments 
utilizing a variety of controls showed that the antisense 
RNA-producing cells acted as an efficient vaccine 
against the development of peripheral rumors. For ex- 
ample, rats injected at two sites with either parental 
glioma cells or control glioma cells that had been 
transacted with the vector devoid of IGF-1 DNA, 
invariably developed rumors whereas similarly treated 
animal s injected at one of the two sites with the anti- 
sense RNA-producing cells were completely protected 
against development of a tumor at the contralateral site. 
Similar results, including the involvement of CD8 + 
mononuclear cells at the sites of tumor regression have 
been reproduced in a separate mouse model based on 
totipotent PCC3 embryonal carcinoma cells. 3 * 

IGF-1 Receptors and the control of tumor growth 

Recently, the essential aspects of the results with IGF-1 
have been reproduced in both C6 cells and extended to 
human T98G glioblastoma cells, by targeting IGF- 
1R. 37 " 54 The approach has the advantage of inhibiting 
additional factors which work through IGF-IR such as 
IGF-2. Stable antisense IGF-lR-producing cells were 
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una ble to jnakc tumors in syngeneic rats whereas wiid- 
" type-C6 cells developed tumors within a week. The 
antisense RNA-producing cells provided protection 
against a subsequent challenge of wild type C6 cells. 
Moreover, inoculation of "wild type C6 tumor-bearing 
rats with antisense RNA-producing cells lead to com- 
plete regression of the established tumors in all 18 rats 
within 2 weeks. Hie role of inflammation during the 
tumor regression period was not assessed 

The experiments have been extended to human T98G 
glioblastoma cells. 54 These cells continuously express 
IGF-1. They also continuously express PDGF-B/csrir 
(unpublished observations), a factor which induces the 
production of IGF-1R in T98G cells and "primes" these 
receptors leading to an enhanced autogenic effect by 
IGF-1. 57 Indeed, these cells are growth arrested in the 
absence of serum but exhibit serum-independent growth 
following transection with an IGF-1R expression vector 
thereby apparently bypassing the need for serum anoVor 
PDGF-B, 54 Moreover, transaction with a vector ex- 
pressing 1GF-1R antisense RNA blocks growth induc- 
tion by PDGF and the ability to form colonies in soft 
agar. Thus, the autocrine interaction of IGF-1 with its 
receptor appears to regulate anchorage-independent 
growth in these human tumor cells. Unfortunately, 
T98G cells are poorly tumorigenic 59 and the elegant 
animal modeling observed with the C6 system may be 
very difficult to cany out. 

The regulation of growth of glioblastoma cells is 
complex and involves other systems than PDGF and 
IGF such as basic fibroblast growth factor that is likely 
an important autocrine factor, 82 suppressor gene prod- 
ucts 83 and others which may have to be taken account of 
for a complete understanding. 

A role of IGF-1R and IGF-II in human breast cancer 
has recently been described, 48 suggesting that the signif- 
icance of the IGF-autocrine system may not be confined 
to neural tumors. 

Immunocompetent host response 

The relationship between IGF-1 and immunity is intrigu- 
ing. The cellular infiltrates accompanying tumor regres- 
sion were predominately composed of CDS* lympho- 
cytes consistent with a specific immunological response 
as opposed to a nonspecific chronic inflammatory re- 
sponse. Moreover, iethally irradiated (5000 rads, M Co) 
antisense RNA-producing cells also acted like a true 
vaccine in that the animals inoculated with the irradiated 
cells were protected against tumor formation by a sub- 
sequent challenge throughout the period of observation, 
over 12 months. 51 The basis for the CD8* response is 
not known, however, it has been suggested that the 
reexpression of IGF-1, a fetal and neonatal growth and 
differentiation factor, by the tumor cells serves to rees- 
tablish a phenotype which includes evasion of immune 
recognition/ 1 - 52 Other explanations such as the anti- 
sense-mediated cell death which may allow the release 
of additional cellular antigens, the possible role of 
antisense RNA as an antigen or as an adjuvant or the 
possible role of altered histocompatibility antigens and 



other possibilities need to be evaluated Nevertheless, 
the potential of antisense IGF-l/IGF-lR-producing cells 
in treatment is evident. A phase I clinical trial for human 
brain tumors using ex vivo transduced antisense IGF-1 
RNA-expressing autologous tumor cells as a vaccine has 
been approved and is due to start in December of 1994.** 
Complete tumor regression has also been observed 
for several systems using so-called suicide genes which 
convert a prodrug into a cytotoxic agent 45 Tumor re- 
gression appears to come about, in part, owing to the 
"bystander effect" which may extend lethality of suicide 
genes to cells that have not been transduced by . the 
sensitizing constructs. A number of explanations have 
been advanced and utilize the proximity of untransduced 
-cells to the transduced cells. 83 In addition, immune 
mechasniams involving both CD4 + T helper and CD8 + 
T suppressor/cytotoxic lymphocytes have been implicat- 
ed 55 Recently, evidence was presented that tumor re- 
gression also can occur in preexisting control-cell tumors 
in the same, animals and is accompanied by the infiltra- 
tion with inflammatory cells which secrete a variety of 
cytokines such as TOT, 11 1, fl-6", IFN-gamma, and 
GM-CSF.* 7 These observations, together with the obser- 
vations of antisense IGF-1, raise the prospect that the 
sudden killing of even a portion of tumor cells may, in 
some settings, sensitize the host It wOl be of interest to 
learn whether similar immunological responses of an 
immunocompetent host are invoked by different mech- 
anisms of sudden cell killing. 

The in vivo delivery problem 

Methods for the transduction of a high percentage of 
target cells for gene replacement or for the treatment of 
established tumors arc deficient at present. Thus, stable 
antisense RNA expression systems may have their great- 
est worth in identifying targets that would be useful to 
control in vivo by use of ob'godeoxynuclcotides. Two 
questions arise. Are oligodeoxynucleotides a feasible 
means of delivering an antisense-based compound and is 
there concordance between the results for antisense 
ohgodeoxynucleotides and plasmid-derived antisense 
RNA? Human and animals trials of oligodcoxynucleoti- 
des are in their infancy and comparisons among ap- 
proaches are sparse, however, several signposts are 
available. 

Local delivery. Neckcrs and colleagues 64 have explored 
the use of implanted "mimpuraps" to achieve high local 
steady doses of oligodeoxynucleotides. Antisense and 
sense oligodeoxynucleotides of the N-myc sequence 
were delivered to the vicinity of subcutaneous tumors in 
athymic mice. The treatment lead to an average 50% 
tumor reduction in the antisense treated animals 
whereas there was no regression in the control animals. 
Over 70% of the tumors exhibited regression whereas 
irrelevant oligodeoxynucleotides had no effect 

Systemic delivery. The first intravenous application of 
antisense oligodeoxynucleotides to an animal model was 
explored by Wickstrom et al 70 who observed a 50% 
decrease in c-Myc protein in peripheral lymphocytes 3 to 
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4 hours following a 300 nmol IV bolus of pbosphoro- 
chjoate oligodeoxynucleotide complementary to the c- 
myc sequence. The effects of sustained systemic applica- 
. tion of antisense oligodeoxynucleotides in an animal 
model was studied by Ratajczak et al (cf Table I). 22 
Severe combined immune deficient (scid) mice were 
used to establish a model of human leukemia by implan- 
tation of K562 cells. Four weeks later the animals were 
treated with phosphorothioate oligonucleotides comple- 
mentary to human c-myb by steady infusion from a 
subcutaneous "minipump** providing 100 g of oligonu- 
deotidc/d (*-15 nmol) for up to 14 days. All animals 
eventually succumbed to leukemia; however, the animals 
- — treated-wirJb-scramblcd-or- sense oligodeoxynucleotides 
did not survive longer than the saline-controls whereas 
the antisense treated animals lived on average 3 5 times 
longer or about 5 to 6 weeks from the onset of treat* 
raent. 

Higgins ct al 38 have explored both plasxnid^erived 

antisense RNA and systemcaUy delivered oligode- 
oxynucleotides to target the p65 snbunit of the transcrip- 
tion factor NFKappaB. NFKappaB may be a crucial 
regulator of multiple genes that encode molecules which 
are essential for cell adhesion such as integrins and cell 
adhesion molecules. Direct targeting of integrins by 
retroviral^ introduced antisense integral RNA inhibits 
neuroblast migration in developing chick embryos and 
leads to disruption of integrin-mediated interaction and 
loss of cell numbers. Inhibition of this system ro trans- 
formed cells may block essential stnictural features of 
stromal attachment thereby blocking tumor formation, 
(c/ref 85). Thus, stable lines of ray-transformed Balb/c- 
3T3 cells bearing a dexamcthasone-inducible construct 
for antisense RNA production exhibited a dexanietha- 
sonc-dependent inhibition of p65 mRNA production as 
monitored by RT-PCR and failed to grow in soft agar. 
The sense-bearing control lines were unaffected by dexa- 
methasone. Moreover, examples of significant regres- 
sion of established rumors were described. Tumors of 
several antisense RNA expressing clones were first al- 
lowed to develop for 2 to 3 weeks before addition of 
dexamethasone to the drinking water. Dexamethasone 
treatment did not inhibit tumor growth in the control 
sense-injected animals whereas a uniformly smaller tu- 
mor size was described for the antisense RNA express- 
ing cases. In summary, as for the studies of CRIPTO, 36 
concordance between RNA and oligodeoxynucleotide 
experiments was observed. 

For the oligodeoxynucleotide experiments, 18-24 nt 
phosphorothioatcs complementary to the 5' region in- 
cluding the translation start site were used. The oligode- 
oxynucleotides were introduced into athyraic mice by 
either twice weekly injections (average 0>4 mg/d) or by 
continuous infusion by means of a "mihipump" (average 
0.2 mg/d) [**25 nmol]. Five X 10* K-balb fibrosarcoma 
or B-16 melanoma cells were injected 72' hours after the 
start of treatment. Over 70%' of the antisense-treated 
animals were judged to show a clear reduction in tumor 
size compared with saline, sense, or irrelevant oligode- 
oxynucleotide controls. Analysis of the remaining tumor 



- mass showed that pfc5 mRNA was preferentially reduced 
in the antisense-treated cases and that NfKappaB bind- 
ing activity was significantly reduced in nuclear extracts 
from tumors derived from antisense-treated animals 
compared with sense-controls. Interestingly, extensive 
separate studies* 6 of the toxicity of the sense oligode- 
oxynucleotides, showed considerable toxicity at some- 
what higher doses than those used for the tumor studies. 

Bolus injections may have some effect (rets 67,70; 
T. Ochiya, personal cornmunkatioo). Phosphorothioates 
complementary to FGF4 RNA were used to study limb 
bud development in an organ culture system where 
marked inhibition was observed compared with olio- 
nucleotides with scrambled sequences or sense oligode- 
oxynucleotides. Moreover, FGF4 transforms NTH-3T3 
cells and the phenotype was specifically inhibited in 
culture by 500 nmol/L solutions of the same antisense 
oligonucleotide. Based on this experience, the antisense 
oligodeoxynucleotides wer e then applied to athyrnic 
mouse" model by intravenous injection of a 50 g-tiposome 
complex 3 days after subcutaneous inoculation of 10 7 
tumor cells (Ochdiya, personal communication), Ani- 
mals treated with sense or scrarabled-sequence oligode- 
oxymideotides developed tumors which were 14 mm in 
diameter after 8 to 10 days whereas the antisense treated 
animals exhibited nodules of 2 mm or less. No informa- 
tion on the distribution or stability of the complex in vw 
is currently available. 

Future 

A number of technologies arc on the horizon which may 
have a significant impact. For example, lipsome and 
lipid-complexed antisense oligodeoxynucleotides is an 
area of intense activity, eg, refs 20, 71-72. 

Recombinase and integrase-related proteins have 
been used to facilitate ribozyme function through en- 
hanced strand exchange. 7 *- 77 These novel methods em- 
ploy the Escherichia coli RecA enzyme or other rccom- 
binases to catalzye the formation of homologous 
Complexes between short seqments of single- or double- 
stranded "probe** DNA with homologous sites of target 
DNA. Probe DNA is precoated with RecA which facfl- 
itates the search for and interaction with homologous 
target DNA to form stable "displacement loops" or 
M D-loops. M Target DNA could be crucial regulatory 
sequences of promoters- for oncogenic proteins. The 
formation of stable "D-loops" also means that continu- 
ous supply or expression of antisense DNA or RNA may 
not be necessary. Examples of this form of mhibition 
include blocking viral promoters or the insertion of a 33 
nt DNA segment to block the GC-rich Sp-1 binding 
site » Recently, these methods have been extended to 
targeting the p53 gene in native chromatin of meiabol- 
icalry active isolated nuclei suspended in agarose. 90 
These techniques have potental application in both 
conbroling expression and in homologous replacement 
of altered genes (D. Zarling, personal communication; 
for a review see ref 88). 

DNA- and RNA-targeting may be augmented by the 
development of proteins and peptides with DNA- and 
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RNA-binding properties of arbitrary specifity. 7 *-™ Com- 
binational display libraries of DNA-binding proteins 
following randomization of the DNA-contact sites of the 
zinc-finger protein Egr-1 have been developed.' 8 - 79 The 
display library may be $crccncd and the clones with the 
desired specificity may be isolated and cloned by various 
panning procedures. Interestingly, at least one Zinc- 
finger-bearing protein, native Egr-1 itself, has been 
shown to inhibit the transformed phenotype including 
tumorigenicity of PDGF-B/v^-transformed N1H-3T3 
cells" 0 and in at least one human tumor cell line. 53 -* 0 
Deletion studies show that the effect, indeed, resides in 
the 300 nt fragment encoding the DNA-binding zinc- 
finger domain. 60 The new randomization approaches 
hoia promiseTfoT i vastly extended range~of interactions: 
Single chain recombinant antibodies specific for on- 
cogenic products such as ErbB-2 have been cloned from 
hybridoma cells and stably expressed in human cancer 
cell lines such as ovarian carcinoma and shown to 
efficiently block the expression of target protein and 
proliferation (D. Curiel, personal communication). A 
variety of controls show that expression of a specific and 
high affinity single-chain antibody occurs and leads to 
down regulation of cell surface ErbB-2 (D. Curiel, 
personal communication)* This sophisticated technique 
requires the preparation of cDNA encoding regions of 
two chains of the normal monoclonal antibody combin- 
ing site. While not an antisense technique, the approach 
targets translated products and may be seen as comple- 
mentary. 

Finally, an obvious extension of the antisense ap- 
proach to targeting two or more oncogenes thought to 
be contributing to the transformed phenotype has not 
been systematically explored although simultaneous and 
significant reduction of two tomato gene products has 
been reported by stable expression of chimeric antisense 
RNA 91 providing some validity to the concept. Thus, a 
number of intriguing techniques are being developed 
which separately or in combination may prove useful for 
intervention. 

Summary 

The use of expression systems for the formation of stable 
cell lines provides a system for thoroughly characterizing 
the effect of antisense RNA on the target and cell line of 
choice including the effects in vivo. In vivo studies with 
such ceil lines provide a means to examine tumor 
formation, the ability to promote regression of estab- 
lished tumors and may, as in the case of IGF-I, provide 
insights into new mechanisms. Moreover, it may be of 
considerable interest to examine other targets and to 
reexamine previous systems employing antisense to c-fos 
and related systems such as antisense to PDGF in 
immunocompetent hosts. The information learned from 
studies of stable lines may justify the large effort involved 
in preparing and delivering oligodeoxynucleotides in 
vivo. Although information to date is limited, in the few 
systems where the effects of oligodeoxynucleotides in 
tissue culture have been compared with the stable 
expression of much larger antisense RNA complemen- 
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tary to the same target, concordance has been observed. 
However, in no case has hybrid formation between 
antisense RNA and target RNA been shown to be the 
basis of an antitumor effect in vivo. Numerous controls 
will be necessary to establish that a specific antisense 
mechanism is at work (cf 69). Although it is early days, 
modified oligodeoxynucleotides, local delivery systems 
such as depots and time release devices appear to be 
possible methods for optimization. Improvements in 
viral vectors* to allow greater tissue specificity and 
transduction efficiency may supersede this "two-step" 
approach but until that desirable time, a serviceable 
pattern for animal studies may be emerging. Finally, 
emerging novel techniques may significantly enhance the 
future armory. " 
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Art Unit: 1805 

DECLARATION PURSUANT TO 
37 C.F.R. § 1.132 



Hon. Commissioner of Patents 

and Trademarks 
Washington, D.C. 20231 

Sir: 

I, Dr. Jerry L. Ruth, being duly warned that willful false statements 
and the like are punishable by fine or imprisonment or both, under 18 U.S.C. § 
1001, and may jeopardize the validity of the patent application or any patent 
issuing thereon, state and declare as follows: 

1. All statements herein made of my own knowledge are true and 
statements made on information or belief are believed to be true. The Exhibits (1- 
8) attached hereto are incorporated herein by reference. 

2. I received a Ph.D. in synthetic organic chemistry from the University 
of California at Davis in 1978. 

A copy of my curriculum vitae is attached as Exhibit 1 . 

3. I am presently employed at the U.S. Fish and Wildlife Forensics 
Laboratory where I am primarily responsible for conducting DNA analysis to assist 
in the identification of wildlife for threatened and endangered species of animals. 
Prior to my obtaining employment at the Forensics Laboratory, I was a vice 
president of research at Molecular Biosystems where my responsibilities involved 
the development of nucleic acid based diagnostic kits. 
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4. I have read and am familiar with the contents of the application and 
related papers. I understand that the Examiner has made two rejections. The first 
rejection is for failure to fully teach how to make and use the invention as claimed, 
and the second is that the invention is obvious over a combination of four 
references. This declaration will address both rejections. I will provide objective 
evidence of the state of the art of arresting specific protein expression by 
oligonucleotide hybridization in 1*981. The evidence will be provided by 
interpretation of references relating to this art and by my personal perspective from 
having been involved in the field of oligonucleotide chemistry and biology in 1981. 

5. ENABLEMENT 

A. Analogs of Nucleic Acid 

It is my understanding that the Examiner has concerns that the 
invention should be limited to phosphotriester-modified nucleic acid and that claims 
reading on natural nucleic acid and other analogs are not enabled. It is my opinion 
that once Dr. Tullis identified functional sizes and the mRNA coding region as a 
target, the invention was fully disclosed to one of skill. The utility of natural 
nucleic acid and various analogs to be internalized by cells and inhibit cell function 
was known. Evidence of these facts can be found in the prior art. For example, 
Miller (1977) describes neutral, nonionic nucleic acids for nonspecific inhibition of 
protein synthesis. Befort (1974) used methylated ribonucleic acid to inhibit viral 
replication. Zamecnik and Stephenson (1978) used a natural phosphodiester DNA 
tridecamer to inhibit viral replication in vivo. Finally, Summerton (1979) described 
a number of early reports using various nucleic acid analogs to inhibit viral 
infections (see page 89). 

B. Making Ribonucleic Acid 

The Examiner further argues that there is no teaching of how to make 
or use ribonucleotides. The methodology for making synthetic RNA and its analogs 
was available in 1981. Evidence of this fact can be found in the Miller reference 
(1977). Therein the authors used an analog of ribonucleic acid to non-specifically 
inhibit protein synthesis. 

Moreover, methods for chemical synthesis of oligoribonucleotides 
were well established by 1981 as is illustrated by reference to the work of Ohtsuka 
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and his colleagues. In the mid and late 1970s, Ohtsuka's group reported synthesis 
of numerous oligoribonucleotides corresponding to the sequence of an E. co/i 
tRNA. Some of this work is described in Nuc. Acids. Res. Symp. Series (NARS) 
No. 7, pp. 335-343 (1980), which is attached as Exhibit 3, and the cites therein. 
In 1980 Ohtsuka reported synthesis of oligonucleotides corresponding to the total 
sequence of Escherichia co/i tRNA f met ; these oligos were joined using RNA ligase to 
create' an entirely synthetic tRNA (Id.). The synthesis of E. co/i tRNA is also 
discussed in a subsequent paper that appeared prior to the filing date of the 
application [Proc. Nat. Acad. Sci. 78(9) 5493 (1981); attached as Exhibit 4]. 
Clearly, by 1981 methods for chemical synthesis had been available for several 
years. 

Enzymatic methods for synthesis of oligoribonucleotides complement 
chemical methods and include use of polynucleotide phosphorylase and T4 RNA 
ligase. RNA ligase in particular has been useful in synthesis of oligoribonucleotides 
and in 1980 Gumport et a/., in a paper on T4 RNA ligase, observed that "...the 
enzyme is now widely used to synthesize defined sequences of RNA." [NARS No. 
7 (1980) pp. 167-171 at 167; attached as Exhibit 5]. In a 1981 review attached 
as Exhibit 6, ("T4 RNA Ligase as a Nucleic Acid Synthesis and Modification 
Reagent" in Gene Amplification and Analysis, Vol. 2, Chirikjian and Papas, eds. 
Elsevier (New York) 1981, pp. 314-345 at pages 335-339), Gumport and 
Uhlenbeck describe work by several groups engaged in oligoribonucleotide 
synthesis, including Ohtsuka [described above], Neilson and colleagues [using a 
combination of organic and enzymatic methods to prepare several 
decanucleotides], Krug and colleagues [preparation of a 21 -nucleotide RNA], and 
others [see citations at 337, first full paragraph]. In my opinion, the attached 
exhibits clearly demonstrate that methods for synthesis of oligoribonucleotides 
were well known in 1981. 

C. Cell Uptake of Nucleic Acid 

Finally the Examiner raised the issue of cell uptake of nucleic acid. He 
comments that there are no data and methods for actually "getting short DNAs or 
RNAs into cells." Living cells have a natural capacity for internalizing short nucleic 
acids. There is nothing to teach. The cells internalize these compounds without 
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special culture conditions. There is no need to render the cells porous. The 

literature relied upon by the Examiner to support his obviousness rejection teaches 

this fundamental fact. For example, the Miller reference involves the effect of a 

trinucleotide analog on mammalian cells and the Summerton reference discloses at 

pages 93-94 the routine uptake by animal cells of both RNA and DNA. Finally 

there is the paper by Zamecnik and Stephenson (1978) which describes the 

internalization of viral infected cells by a DNA of 13 nucleotides. 

6. OBVIOUSNESS 

It is my understanding that the Examiner believes that in 1981 a 

person of skill reading Itakura et al., Paterson et al. or Hastie et al. and 

Summerton or Miller et al. would have had a motivation and a reasonable 

expectation that targeting the coding region of a specific mRNA with a 

oligonucleotide complementary to the coding region would have arrested protein 

translation of that mRNA. There are a number of objective reasons why this is not 

an accurate statement of the state of the art in 1981 . 

A. The secondary structure of the mRNA made it an unlikely target for 
control of expression bv complementary oligonucleotides. 

The claimed invention went against the conventional wisdom of the 
time. The conventional wisdom in 1981 was that the secondary structure of 
mRNA was extensive that there was no reasonable likelihood that a oligonucleotide 
complementary to a coding sequence would have sufficient access to arrest 
translation inside a living cell. In addition, those of skill understood that the 
natural mechanism of peptide elongation by ribosomes involved the destabilization 
of the extensive secondary structure of the mRNA. For these reasons, the idea of 
hybridizing a complementary oligonucleotide to a coding region of mRNA to arrest 
translation was contrary to conventional wisdom. The oligonucleotide would have 
to overcome two significant hurdles. First it had to bind to the coding region of 
the mRNA, which was viewed as a Gordian knot of secondary structure. And even 
if the complementary oligonucleotide could find and anneal to its complementary 
subsequence, the ribosomes were viewed as able to read mRNA coding regions 
constrained by extensive secondary structure. Thus it was not likely that the 
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hybridization of a complementary oligonucleotide would arrest translation. The 
ribosome would simply "toss" the duplexing structure aside. 

Although there is little express language in the prior art articulating the 
above concerns, the literature indirectly compels one to conclude that secondary 
structure and ribosomal helix destabilization were concepts teaching away from the 
invention. References published after the priority date of the subject application do 
expressly identify the state of the art at the time of the invention. 

The extensive secondary structure of mRNA was well understood in 
1981 . In the book, The Ribonucleic Acids, 1977, Eds. Stewart and Latham, 
Springer Verlag, Chpt. 4, "Messenger RNA" by J.M. Adams, the extensive 
secondary structure in phage mRNA and eukaryotic mRNA is described. Those of 
skill recognized the importance of mRNA secondary structure and particularly were 
aware of the need of low mRNA secondary structure in the regions where 
ribosomes initially bind to mRNA. W. Salser, in his chapter Globin mRNA 
Sequences: Analysis of Base Pairing and Evolutionary Implications, in Chromatin 
Vol XLII (1978) pages 985-1001 at page 992, provided a graphic illustration of the 
extensive amount of secondary structure in the typical mRNA. In Dr. Salser's 
illustration, the sequences involved in ribosome initiation and interaction are 
dramatically free of secondary structure. Dr. Adams, on page 103 in his section 
(e) entitled "Influence of secondary and tertiary structure on initiation," also 
discusses the importance of secondary structure on initiation of translation. In 
chapter 7, by Wettenhall and Clarke-Walker of The Ribonucleic Acids, the authors 
on page 258 in a section entitled "Messenger RNA structure" expressly state, 
"[t]he role of mRNA structure in initiation reactions is receiving considerable 
attention." These authors also discuss the role of secondary structure of mRNA on 
translation efficiency. 

The concern over availability of the coding region to bind 
oligonucleotides is made more apparent when one looks at the secondary 
references relied upon by the Examiner. These references are Paterson et at. and 
Hastie et al. describing cell-free, in vitro experiments in which denaturing 
conditions to relax the secondary structure of their mRNA are applied prior to 
hybridizing nucleic acids. For example, Patterson used 100°C for 30 seconds and 



Ruth Declaration 
Serial No.: 08/078,767 
Page 6 

Hastie used temperatures between 45 °C and 65 °C. For the Examiner to believe 
that one of skill would have understood that complementary oligonucleotides were 
able to bind to the coding regions of mRNA under in vivo conditions when both 
Hastie and Paterson used denaturing conditions is logically inconsistent and 
scientifically incorrect. 

A number of other references taught that the targeting of a coding 
regions would not t>e~a preferred target" for"a~oligonucle6tide agent expected to 
control expression. PluskalefaA Biochem. Soc. Trans. 7:1091-1093 (1979), 
wrote that their work with a heterogenous mixture of low molecular weight 
oligonucleotides non-specifically inhibited translation, but that the mode of action 
was not affected by preincubation with the mRNA. One of skill is left to conclude 
that the translation inhibition observed by Pluskal did not occur via complementary 
binding interactions between the oligonucleotides and the mRNA. 

Continuing in temporal order, the Ts'o patent further suggests away 
from the Applicant's invention. In the Ts'o patent, the claimed oligonucleotide 
analogues are described as inhibiting expression of a preselected sequence, either a 
cellular nucleic acid or a viral nucleic acid. Ts'o uses trimer analogues and at 
column 25, lines 5-10, they state that their analogues inhibited poly(U) messages 
but not globin messages. In column 26, lines 5-34, Ts'o explains that they saw no 
inhibition in vivo of either bacteria or hamster cells. 

Ts'o's results are consistent with later published reports. These later 
reports actually explain what was intuitively apparent to those of ordinary skill at 
the time Dr. Tullis filed his application in 1981. There was no objective reason or 
basis to conclude that the coding region of mRNA was an effective target for in 
vivo control of expression by trinucleotides because there was no evidence that 
the trimers used by Ts'o inhibited elongation when bound to mRNA either in vitro 
or in vivo. Either the coding regions of mRNA were physically unavailable to 
complementary oligonucleotides or even if binding to the coding regions, the 
oligonucleotides were unable to arrest the elongation process of the ribosomes. As 
explained above, the latter concept was particularly compelling because to 
elongate, ribosomes have to untwist (denature) the secondary structure of mRNA. 



Ruth Declaration 
Serial No,: 08/078,767 
Page 7 

Perhaps the most express and compelling articulation of the true 

state of the art from 1977 until after the effective filing date of the subject 

application is found in Dr. Miller's own work published in two parallel reports in 

1985. In Blake, Murakami and Miller, Biochemistry 24, 6132-6138 and 24, 6139- 

6145, the authors discuss at length their concerns over secondary structure on the 

availability of subsequences of mRNA to complementary oligonucleotides. In the 

"firsFof theTwb" companion "articles (A22)rDf. "Miller looked at 8-12 mer 

oligonucleotides and concluded, on page 6135, that in the cell free rabbit 

reticulocyte protein expression system, 8-mer oligonucleotides do not arrest protein 

elongation, but that if bound to the initiation codon region the oligonucleotides will 

arrest translation. On the second column of page 6136, Dr. Miller in summarizing 

the state of the art expressly states: 

The above results are in agreement with the recent findings of 
Liebhaber et a/. (1984). They found that cDNAs to human globin 
mRNA which cover the initiation codon or extend into the 5'- 
noncoding region are able to completely inhibit translation in a rabbit 
reticulocyte lysate. In contrast cDNAs which cover only the coding 
region exclusive of the initiation site are not effective at blocking 
translation. These authors postulate that a helix-destabilizing activity 
associated with the reticulocyte ribosomes is able to disrupt 
secondary structure during the elongation step but not the initiation 
step of translation. Thus, cDNAs or oligonucleotides bound to the 
coding region of mRNA would be expected to be unable to prevent 
translation in the reticulocyte system. [Emphasis added] 

Dr. Miller is summarizing two points to explain why oligonucleotides 
binding to the initiation codons will inhibit translation but those binding to coding 
regions will not inhibit translation. He first explains that the ribosomes will simply 
remove the oligonucleotides bound to the translated region (page 6136, column 2), 
and second, he explains that the secondary structure of mRNA precludes the 
binding of the oligonucleotides to the translated region (page 6137), He implies 
this is true even for cDNAs which may be hundreds of bases long. 

In the second article, Dr. Miller is again reporting on the ability of 
oligonucleotides to arrest in vitro translation. In this report the oligonucleotides are 
between 6 and 1 1 bases long. The authors are reporting some degree of success 
with the binding of oligonucleotides to mRNA coding regions. Although the 
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success of the method is being reported, the authors are clearly articulating the 

concerns over secondary structure which was the conventional wisdom in 1981. 

For example at page 6144, the authors state: 

In addition to the effect of mRNA secondary structure, the 
region of the mRNA to which the oligonucleotide methylphosphonates 
binds influences its effectiveness as an inhibitor of mRNA translation. 
The results in Table II suggest that oligomers complementary to the 5' 
end and initiation-codon regions are somewhat better inhibitors than 
the oligomers which bind to the coding regions. Thus it appears that 
the initiation step of translation is more sensitive to oligomer mRNA 
binding than the elongation step of translation. [Emphasis added] 

Finally, as late as 1986, the literature was still suggesting that short 
oligonucleotides will only arrest translation if bound to the initiation sites. In 
particular, Haeuptle et aL, using a cell free translation system, clearly states that 
size of the oligonucleotides bound to coding regions is a critical key to ensuring 
arrest of translation. Just as is taught by the subject application with its effective 
filing date of 1981, Haeuptle reports in 1986 that the oligonucleotides must be 10 
bases or greater in length before substantial inhibition of translation is 
demonstrated. The Examiner should also note that the authors, in deference to 
secondary structure, are using 55 °C for 5 minutes to relax the mRNA sufficiently 
to allow the oligonucleotides to bind to their target regions. 

In conclusion, I state that the conventional wisdom in the art, at the 
time of the invention, taught away from Dr. Tullis' invention. The literature cited 
above is offered as evidence of this wisdom. This literature clearly teaches that 
the secondary structure of mRNA, especially in the coding region, was thought by 
those of skill in 1981 to be extensive and that this secondary structure would 
preclude binding of a complementary oligonucleotide to the coding region mRNA 
for the purpose of arresting translation. Also, there was reason to believe that the 
helix destabilization of ribosomes during elongation would have easily displaced 
any oligonucleotide duplexed on the coding region. Therefore, one of skill would 
not have considered the claimed invention to have a reasonable expectation of 
success in 1981 when Dr. Tullis originally filed the subject patent application. 
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B. The Examiner's interpretation of the text in Miller (1977) gnes well 
bevond the understanding one of skill would have reading the same text in 1981. 

It is my further understanding that the Examiner has stated that Miller 

(1977) expressly states that oligonucleotides complementary to the coding region 

of mRNA might inhibit cellular protein synthesis in vivo. The two statements have 

been cited by the Examiner. The abstract states: 

Our biochemical studies suggest that inhibition of cellular 

protein synthesis might be expected if G m p(Et)G m p(Et)U, G m p(Et)G m pU, 
and G m pG m pU, which have been taken up by or formed within the cell, 
physically bind to tRNA and mRNA and inhibit the function of these 
nucleic acids. 

The last paragraph states: 

The triester G m p(Et)G m p(Et)U is complementary to target nucleic 
acids involved in cellular protein synthesis and has a transitory effect 
on the cells which is then relieved by its degradation. Such a 
transitory effect of inhibition may provide a convenient and useful 
way of imposing a temporary interruption of cellular functions. On the 
other hand, neutral oligonucleotide analogues with longer chain 
lengths and a greater resistance to hydrolysis would be expected to 
achieve a greater specificity and effectiveness in regulating the 
function of target nucleic acids inside the cell over a long period of 
time. The observations of the present study lay the groundwork for 
continued investigation into the use of neutral oligonucleotide 
analogues as proves and regulators of nucleic acid function within 
living cells. 

There are multiple reasons why one of skill in 1981 would not have interpreted the 
cited text in the way the Examiner suggests. The text clearly does not state that 
oligonucleotide analogs could bind to the coding regions of mRNA. At best it is 
ambiguous when taken out of context both literally and historically. It is literally 
ambiguous because the authors' work is directed to general inhibition of all protein 
expression by using a trimer to bind to the amino acid accepting codon of a tRNA. 
There is no evidence of trimer binding to target mRNA or of any inhibition of 
specific protein expression due to complementary binding of Miller's trimer to 
mRNA. 

The phrase "greater specificity" is patently ambiguous. Statistically, a 
trimer sequence is represented every 64 nucleotides and therefore a timer binds 
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non-specifically. Miller's use of "greater specificity" could refer to oligonucleotides 
that are specific only for the amino acid accepting codon of tRNA or that will bind 
specifically (only) to the initiation region of a mRNA, or thirdly, as the Examiner 
would read the passage, using longer oligonucleotides that would bind with greater 
specificity to the coding region of an mRNA. 

In historical context, the meaning of the above quoted text is clearly 
directed~to^either"the~tRNA or mRNA binding~sites~. These were only regions 
perceived by scientists in 1981 as being sufficiently accessible to complementary 
oligonucleotide binding under in vivo conditions. As explained above, the 
extensive secondary structure of mRNA was a primary reason why those of skill 
would have avoided the coding region of mRNA to arrest translation. For example, 
in Dr. Salser's review article of 1978, he includes a figure (Figure 3) depicting the 
proposed secondary structure of a mRNA, It is an extraordinary complex and 
twisted structure. Only a few regions are accessible to a complementary 
oligonucleotide and these are designated as points of initiation and tRNA 
interactions. These open regions which are generally found as single-strand hairpin 
loops. 

Furthermore, the historical record indicates that by April of 1981, Dr. 
Mill understood the limitations of his 1977 report. In Biochemistry, 20:1874- 
1880, Exhibit 8, Dr. Miller et ai reported on the arrest of globin expression via 
blockage of tRNA aminoacylation by trimers and tetramers. On page 1879, and at 
Table VI, they report no effect on globin synthesis despite the fact that the 
oligonucleotides used by Miller (polyA) could bind to at least three sites in the 
coding region of mRNA encoding globin (codons 45, 85 and 1 18). See Exhibit 9. 

Finally, in 1985, the last two Miller references summarize the 
historical evidence that taught away from targeting the coding regions of mRNA 
with oligonucleotide to arrest translation. First, in the introductions to both 1985 
papers, there is no reference to the 1977 paper when discussing mRNA as a target 
for control of protein expression by complementary oligonucleotides. Secondly, as 
stated above on pages 7-8, the 1985 references specifically suggest; (1) that 
secondary structure will prevent binding of oligonucleotides to mRNA; and, (2) that 
helix destabilizing properties of ribosomes will remove oligonucleotide even it they 
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were to have access to the coding region of an mRNA. These are two conclusive 
reasons why one of skill would not expect the arrest of protein translation by 
oligonucleotide binding to the two conclusive coding regions of mRNA. 

In summary, by 1981, Miller's reference to "greater specificity" would 
not have been interpreted as a suggestion for controlling the expression of 
particular "target" proteins by binding to specific coding regions of mRNA, but as a 
suggestion to use longeroligonucleotides-tO"bind specifically to the open regions of 
the tRNA or mRNA that bind to rRNA during the initiation step of synthesis. The 
open binding sites are longer than three bases and thus one would expect greater 
specificity for binding by using oligonucleotides greater than three bases. For 
these reasons, I state definitively that one of skill reading Miller in 1981 would 
have recognized that the proposed targets for binding oligonucleotides are these 
binding sites. 

To argue that in 1981, one of ordinary skill would have predicted in 

vivo utility for an oligonucleotide binding to the coding portions of mRNA is to read 

Miller in a vacuum, and ignores the authors' data and the historical understanding 

of the accessibility of the coding region of mRNA due to secondary structure. 

C. Although the Examiner reads the Miller reference as suggesting the use 
of an oligonucleotide binding to the coding region of an mRNA. Miller does not 
suggest this aspect of Dr. Tullis' invention. 

The Miller reference is silent as to the target sequences on a mRNA to 
which its oligonucleotides might bind. Messenger RNAs have several functional 
domains. The coding region is only one domain. These various domains are 
described as "signals" by W. Salser in his chapter Globin mRNA Sequences: 
Analysis of Base Pairing and Evolutionary Implications, in Chromatin Vol XLII 
(1978) pages 985-1001. The signal sequences are described on page 988 as 
including "ribosome binding, mRNA processing, transport from the nucleus to the 
cytoplasm and so on". 

Dr. Tullis' claims involve only the coding region and one reading Miller 
would not have been directed to this region. One of skill with knowledge of the 
secondary constraints of the coding region of mRNA and the mechanism by which 
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ribosomes read mRNA would not have read Miller as suggesting the targeting of 
the mRNA coding region. 

D. Even if the prior art oligonucleotides of Miller were binding to the coding 
region of an mRNA, they could not have arrested translation. 

As further evidence that the Examiner's interpretation of Miller goes 
beyond any reasonable interpretation of the reference by one of skill in 1981, I 
"woutdiike to point out that the* inhibition detected by Miller was in fact solely due 
to a non-specific interference of tRNA. We know this because Miller uses only 
trimer oligonucleotides and trimers were later shown to be useless as inhibitors of 
translation even if bound to a coding region of an mRNA. 

The Examiner is directed to the 1986 reference of Haeuptle et al. 
Haeuptle describes the in vitro arrest of translation by oligodeoxyribonucleotides. 
The authors relaxed the secondary structure of mRNA encoding lysozyme using 
55 °C and hybridized oligonucleotides of varying lengths to a portion of the coding 
region. On page 1435 and in Figure 4 on page 1439, they present evidence of 
their inability to arrest translation using short oligonucleotides of 5 bases. The 5- 
mer species are simply too small to have sufficient binding strength to arrest the 
progress of a ribosome. The authors reported successful arrest of translation with 
their 10, 15 and 20 mer species. 

E. The Examiner has misinterpreted the use of "specificity" by Miller in 

1977. 

The Examiner relies on the final paragraph of Miller, 1977 stating: 
"... oligonucleotide analogs with longer chain lengths and a greater resistance to 
hydrolysis would be expected to achieve a greater specificity and effectiveness in 
regulating the function of target nucleic acids...". The Examiner reads this 
sentence to include a suggestion to use oligonucleotides for longer binding to the 
coding regions of mRNA. Above I have explained that this phrase is and would 
have been understood by one of skill in 1981 to be directed to the non-coding 
regions of mRNA. I would like to focus this part of my declaration on evidence 
that the authors' reference to "specificity" was in a general context and did not 
refer to the coding regions of mRNA encoding specific proteins. More particularly, 
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the authors were referring to oligonucleotides that bound more specifically to the 

amino acid accepting end of the tRNA and the initiation sites of mRNA. 

Dr. Miller's later publication, Blake et al. (1985 A) provides evidence of 

his intended meaning in using "specificity" in 1977. On page 6137, column 2 is 

the word "specific 1 " used in the same context that the word "specificity 2 " was 

used in 1977. Miller is again asserting that his work suggests specific control of 

iBxpres*s1l)Ti"b"y bindingol^ of the 1 985 

reference clearly implies that the arresting oligonucleotides are not directed to the 

coding regions of the mRNA. The Blake article states that the only available 

regions are the initiation points due to secondary structure. Thus the Examiner's 

interpretation of the text of Miller (1977) in an unlimited and broad context so as 

to include the coding regions of mRNA is to ignore the scientific realities of the 

contemporaneous literature. 

F. There are objective scientific reasons whv one of skill would have not 
had a reasonable expectation that oligonucleotides complementary to the coding 
region of an mRNA could arrest translation of a specific protein. 

The examiner apparently believes that the cell-free systems of Hastie 
and Patterson provide one of skill with a reasonable expectation that in vivo arrest 
of protein expression was possible with oligonucleotides. This is not true. Both 
Hastie and Patterson used cDNA of lengths that exceed 500 bases. These DNAs 
required harsh denaturing conditions to effect binding to mRNA. The in vivo 
activity of oligonucleotides which are short DNA species, preferably between 13 to 
23 bases, cannot be predicted by the in vitro behavior of cDNA. Furthermore the 
cDNA used by both Hastie and Patterson could not be used for in vivo arrest of 
protein expression. They are too long to cross a cell membrane. 



1 Dr. Miller states in Blake et al. at page 6137, column 2, "The results of this 
study show that sequence-specific oligodeoxynucleotides can be used to 
arrest translation of specific mRNAs in a selective manner in cell-free 
systems." 

2 At page 1995, Miller states: "neutral oligonucleotide analogues with longer 
chain lengths and a greater resistance to hydrolysis would be expected to 
achieve a greater specificity and effectiveness in regulating the function of 
target nucleic acids inside the cell over a long time period." 
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In addition to the impropriety of comparing cDNA to oligonucleotides, 
there are a variety of additional objective reasons why there was no reasonable 
expectation in 1981 that oligonucleotides complementary to the coding region of 
mRNA could arrest translation of specific proteins in vivo. The osmotic potentials, 
the salt and pH conditions, the microenvironments within the various 
compartments of the cells, the ability of oligonucleotides to bind divalent cations 
— and affect~the electropotential and homeostasis of a cell, the secondary structure 
of the mRNA in vivo, the physical pressure and gel-like consistency of the cytosol, 
are all factors which precluded the ability of one of skill to predict with a 
reasonable certainty that complementary oligonucleotides could bind with sufficient 
strength, if at all, to the coding regions of mRNA to selectively arrest translation. 
As Dr. W. Salser succinctly stated in his 1978 review article, "The problem is then 
to assess which parts of the [mRNA] structure in Figure 3 may actually exist in the 
complex milieu of the cell." 

Furthermore, even if one were to ignore the conventional wisdom that 
the secondary structure of mRNA rendered the coding region inaccessible to 
complementary oligonucleotides, there were a number of unknown parameters 
which alone or in combination render the question of successful regulation of 
expression by the claimed methods unpredictable. More specifically, there were a 
number of valid reasons why the oligonucleotides expected to arrest translation 
might not physically reach the mRNA inside a living cell. The mRNA of eukaryotes 
is produced in membrane bound nuclei. The art demonstrated that oligonucleotides 
would be taken up by cells, but not whether the oligonucleotides would be allowed 
access to the internal regions of the nuclei. Befort ef a/., at page 184, states that 
exogenous oligonucleotides used as antiviral agents enter cells but are primarily 
bound to the microsomal fractions and do not significantly enter the host cell 
nuclei. It was known that messenger ribonucleic acid proteins bound to mRNA. 
According to Pain and Clemens, in Comprehensive Biochemistry, Vol 19B, Part 1 at 
pages 14-15 (1980), the function of these proteins was unknown. These proteins 
might have played a role in the storage and delivery of the mRNA to the correct 
ribosomes (membrane bound or not) and might have interfered with the access of 
the mRNA complementary oligonucleotides. As the authors go oh to explain, only 
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10% of the total mRNA produced by the cells is actually used by the ribosomes to 
produce protein. That unknown mechanism, perhaps controlled by messenger 
ribonucleoprotein, as well as other unpredictable aspects of mRNA transport, could 
very well have rendered the mRNA unaccessible to complementary 
oligonucleotides. 

In addition, there were the unknown effects of spermidine and 
- spermine. These common polyamines tightly bind to the phosphate backbone of 
mRNA in vivo and play a role in the structure and function of mRNA at the 
ribosomes during protein synthesis. The impact of spermidine on the ability of 
oligonucleotides to bind in vivo to mRNA, either because the polyamines binding to 
the oligonucleotides might prevent hybridization to mRNA, or because spermidine 
bound to mRNA might block oligonucleotide binding in vivo, was simply unknown. 
Thus, the effect of spermidine and spermine was yet another unknown factor that 
would lead one of skill away from a reasonable expectation that one could effect 
the in vivo arrest of translation by oligonucleotides complementary to the coding 
region of specific mRNA. 

In conclusion, it is clear that one of skill would not have expected 
with any reasonable degree of certainty in 1981 that an oligonucleotide specific for 
the coding region of an mRNA could arrest translation. In summary, the following 
seven objective reasons were identified above: (a) that the intact mRNA might not 
be physically accessible to complementary oligonucleotides; (b) that secondary 
structure of mRNA might block complementary oligonucleotide binding; (c) that 
short oligonucleotides might not have sufficient binding strength to block a 
ribosome designed to untangling internal duplexes in mRNA; (d) that the use of 
unsuitably long complementary oligonucleotides would have their own secondary 
structure that would interfere with hybridization of mRNA; (e) that polyamines and 
transport proteins might have rendered the coding region of mRNA inaccessible; (f) 
that the ability of oligonucleotides to bind cations might have had a toxic effect on 
target cells; and (g) that the majority of mRNA are not actually translated by cells 
but rapidly turned over. 
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This Declarant has nothing further to say. 

Dated: *s A»^* \<\M >^/(^- 

Jerry L. Ruth, Ph.D. 

attachments: Exhibit 1 IRuth C.V.] 

Exhibit 2 [Schwartz C.V.] 
Exhibit 3 [Ohtsuka et al. 1980] 

Exhibit 4 [Ohtsuka ef a/-1 981] — - — 

Exhibit 5 [Gumport et al. 1980] 

Exhibit 6 [Gumport and Uhlenbeck 1981] 

Exhibit 7 [Miller et al. 1977] 

Exhibit 8 [Miller et al. 1977] 

Exhibit 9 [Efstratiadis et al. 1977] 
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Sir: 



I, Dr. Jerry L. Ruth, being duly warned that willful false statements and the 
like are punishable by fine or imprisonment or both, under 18 U.S.C. § 1001, and 
may jeopardize the validity of the patent application or any patent issuing thereon, 
state and declare as follows: 



1 . All statements herein made of my own knowledge are true and 
statements made on information or belief are believed to be true. The Exhibits 
attached hereto are numbered 1-9. They are each incorporated herein by 
reference. 



2. I have previously submitted a declaration in support of this patent 
application. My scientific credentials are presented therein. 
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3. As I understand the Examiner's remaining rejection, he believes 
that the pending claims should be restricted to the phosphotriester-modified nucleic 
acids that are stated as a preferred embodiment representing a class of stabilized 
nucleic acids for in vivo applications. The Examiner reasons that the pending 
claims inclusive of in vivo uses are too broad. More specifically, the Examiner 
states that no other suitable nucleic acid analogs were available as of the filing 
date in October of 1981, that unmodified nucleic acids would not be adequately 
stable to have biological activity under in vivo conditions, and that the means for 
administering the antisense molecules would require undue experimentation. 

The purpose of this declaration is to address each of the above issues. More 
specifically, I will explain: (1) that as of the priority filing date, those of skill were 
aware of other analogs of nucleic acid that were modified to enhance stability 
against nuclease activity and which were suitable for in vivo use and that those of 
skill would have recognized from the Applicant's disclosure that these known 
analogs of nucleic acids were useful in the invention; (2) that the stability of 
natural (unmodified) nucleic acid under in vivo conditions is sufficient to permit the 
observation of its biological activity, i.e., to inhibit expression of specific protein; 
and, (3) given the level of skill in the art, there is nothing but routine 
experimentation involved in the in vivo use of the claimed method. 

A. PRIOR TO THE FILING DATE OF THE PARENT APPLICATION ON 
OCTOBER 23, 1981, A NUMBER OF STABILIZED NUCLEIC ACID ANALOGUES 
WERE AVAILABLE FOR USE IN THIS INVENTION. 

1 . The alkylphosphotriester DNA analogs described in the application as an 
example of a stabilized oligonucleotide were described in the literature in 1974 by 
Miller et al. (A1). These analogs have a phosphate bearing four oxygens, three of 
which are substituted with carbon-based substituents. The following discussion 
presents other references that describe chemically modified nucleic acids that were 
available prior to October of 1981 and were used intracellular^. Collectively, they 
present uncontestable evidence that a variety of stabilized nucleic acids were 
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known and available for use in the claimed invention as of the original filing date. 

A second chemically modified nucleic acid was the methylated ribonucleic 
acids described by Befort et al. (1974). Befort is already of record as reference 
A27. In Befort, the authors reported uptake of their stabilized RNA into fibroblasts 
and the subsequent inhibition of viral multiplication. The stabilized nucleic acid 
.was a methylated RNA that complemented a portion of the viral genome. 

In Tennant et al. (1974), the authors describe the in vivo effects of an 
alkylated homopolymer of ribonucleic acid on virally induced oncogenesis. Tennant 
is already of record as reference A47. 

In Kunkel et al. (Exhibit 1), P.N.A.S. USA 78(11):6734 (1981). The authors 
describe work conducted and published before 1981 using thio-substituted 
deoxynucleosides. On column 2 of page 6734, the authors describe that their 
analogs were previously reported as incorporated into oligonucleotides using DNA 
polymerase and nuclease resistant. 

Finally, Miller et al. reported on the in vivo effects of a DNA analog in March 
1981 . This reference is already of record as A2. Attached to this declaration as 
Exhibit 2 is a true copy of the Medline abstract entry for this reference. The entry 
clearly identifies its publication date as March 1981, seven months before 
applicant's filing date. The analog described by Miller in 1981 was an alkyl 
phosphonate which differs from the phosphotriester of their earlier work by the 
direct attachment of the alkyl substituent to the phosphate. The Examiner is asked 
to review page 1879, second column, where a discussion of the intracellular half- 
lives of the phosphonates and the triesters are compared. 

Thus, it is clear that as of the priority filing date of the present application, 
those of skill would have understood the applicant's reference to stabilized nucleic 
acid to have included more than the phosphotriester compounds that were 
specifically identified. Moreover, and because the use of stabilized nucleic acids 
was a mere example in a universe where both stabilized and natural 
oligonucleotides would function to downregulate expression of protein under in 
vivo conditions, it was, in my opinion, unnecessary to identify for those of skill all 
the stabilized nucleic acids that were available for use in the invention as of 
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October of 1981. 

2. It is my understanding that the Examiner was concerned that the 
specification as filed would not have suggested that the nucleotide analogs 
described in the above references were useful in the invention. There are several 
objective reasons, why those of skill in 1981 would have understood that the text 
-of the specification, ive— page 47-lines 8-13-and claims-29-33 oHhe original 
specification was referring to the above identified body of knowledge. 
The above referenced text of the applicant's disclosure states: 

The preferred oligonucleotide ... , for increased stability, may be 
transformed into a more stable form, such as a phosphotriester form, 
to inhibit degradation during use. 

Original claims 29 and 32 recite stable forms of olignucleotides that inhibit 

degradation by organisms and claims 30 and 33 recite phosphotriester forms. The 

applicant clearly is teaching that stable, nuclease resistant forms of nucleic acid 

which can duplex to target nucleic acid are preferred forms of the oligonucleotides 

useful in the invention. Even presuming that those of skill were unaware of the 

above body of knowledge, to the best of my knowledge, there was no other body 

of knowledge to which the applicant could have been referring. 

Having explained that there was no other body of knowledge that might 

have been confused with the above reference body of knowledge, it is simply a 

matter of establishing that one of skill would had the skill to locate the above 

references. The above references are representative of a significant body of work 

involving stabilized nucleic acids for understanding enzyme mechanics, 

transcription studies, for evaluting cellular uptake of nucleic acid and for medical 

uses. For the Examiner to maintain that those of skill would not have known of 

the above references or not have been able to find the above references is contrary 

to the way scientists work and contrary to my understanding of how the Patent 

Office establishes obviousness. The phosphotriester reference in the original 

application would have lead one of skill directly to Dr. Paul Miller's work and thus 

to other analogs. Dr. Miller's published work involved both phosphotriester and 

phospho nates analogs. Anyone familiar with Dr. Miller's work would have known 
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of analogous work by Dr. Fritz Eckstein using thio-substituted nucleic acid. Even 
undergraduates were being taught in 1981 that methylation was a key 
modification to nucleic acid for the purpose of increasing its half-life. In addition, 
the Examiner is asked to review the work of Dr. Summerton in 1978. This 
reference is already of record (A33). At page 89, Dr. Summerton summarized the 
- a rt-of -modified nucleic acids for inhibiting viral replication and specifically 
addressed degradation problems. Among the modified nucleic acids taught by 
Summerton as useful as in vivo antiviral agents were the methylated 
oligonucleotides, thio-substituted nucleic acids as well as the modified 
olignucleotides of Miller. 

Finally, as one of skill in 1981, I can state unequivocaly that I would have 
fully understood what nucleic acids analogs were being referred to by the applicant 
in his original application. For the above reasons, I am of the opinion that the 
Examiner's concern regarding whether one of skill would have understood the 
applicant's teaching to be inadequate to identify other modified nucleic acids is 
groundless. 

B. UNMODIFIED RNA AND DNA HAVE A HALF-LIFE IN VIVO 
THAT IS SUFFICIENT TO PERMIT ITS UPTAKE INTO CELLS. 

The Examiner questions whether unmodified nucleic acid will actually survive 
under in vivo conditions for a sufficient length of time to actually be taken up by 
the cells. There are numerous studies that should convince the Examiner that his 
concerns are without foundation. Unmodified nucleic acid does survive in the body 
for a fairly long period. While its susceptibility to degradation make more stable 
forms of nucleic acid a preferred embodiment, susceptibility to degradation does 
not render unmodified nucleic acid useless. It is merely a matter of dosage with 
unmodified nucleic acid requiring higher amounts and/or longer administration to 
see the equivalent effects of stabilized nucleic acid. 

While most articles report on the use of DNA, unmodified RNA will also 
survive under in vivo conditions. In Michelson et al. (1985) "Poly(A)*Poly(U) as 
Adjuvant in Cancer Treatment Distribution and Pharmacokinetics in Rabbits 
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(42082)/' Proc. Soc. Exp. Biol. & Med. 179:180-186 (Exhibit 3). In Michelson et 
al., the authors describe the half-life of synthetic polyribonucleotides as measured 
in days. Its uptake into cells was also reported on page 184, 1st Col. A second 
report of long term survival of RNA appeared in Wolff et al. (1990) "Direct Gene 
Transfer into Mouse Muscle in Vivo," Science, 247:1465-1468 (Exhibit 4). In 
_Michelson, purified RNA and DNA-were simply-injected into-the muscle of mice and 
their respective gene products measured. The authors clearly state in their 
abstract that, "protein expression was detected in all cases and no special delivery 
system was required...." 

Reports involving the use of purified DNA are more numerous than of RNA. 
Illustrative reports of DNA expression of plasmids directly injected into animals are 
provided in Lin et al. (1990) "Expression of Recombinant Genes in Myocardium In 
Vivo After Direct Injection of DNA," Circulation, 82:2217-2221 and Wolff et al. 
(1992) "Long-Term Persistence of Plasmid DNA and Foreign Gene Expression in 
Mouse Muscle," Human Mol. Genet. 1(6):363-369 which are Exhibits 5 and 6, 
respectively. The DNA may be linear or circular (see Exhibit 4 at page 368, 2nd 
Col.) 

C. UNMODIFIED ANTISENSE OLIGONUCLEOTIDES HAVE BEEN 
DEMONSTRATED TO BE USEFUL IN A VARIETY OF DIFFERENT ORGANS. 

Naked, natural phosphodiester, antisense oligodeoxynucleotides have been 
reported as sufficiently stable to downregulate gene expression when directly 
injected into an animal. For example, Phillip et al. (1994) "Antisense Inhibition of 
Hypertension: A new strategy for Renin-Angiotensin Candidate Genes," Kidney 
Intern., 46:1554-1556 (Exhibit 7) reports on the direct injection of an antisense 
DNA (unmodified) for reducing hypertension in mice. The DNA was merely injected 
into the mouse carotid artery using a saline solution. 

Others have reported that antisense DNA will work when directly injected 
into the brain. For example, in Akabayashi et al. (1994) Mol. Brain Res. 21:55-61, 
the authors dissolved the antisense DNA in saline and simply injected it into the 
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brain to inhibit production of a neuropeptide (Exhibit 8). At page 56, 1st Col., the 
authors state that theirs is the third such report. 

As stated above, the use of stabilized DNA was merely a preferred 
embodiment. The use of unmodified DNA was less preferred, but similar results 
could be achieved by merely using more DNA or RNA to accommodate instability. 
_G|ven_tbe i le_veLof_ skill -Of_those-pr.acticing-molecular-biology,-this-is an intuitively 
apparent solution to an obvious problem. The use of high levels of DNA is 
described in Exhibit 9, Hijya eta/. (1994) Proc. Natl. Acad. ScL, U.S.A. 91:4499- 
4503. Hijya et a/, report on the use of an unmodified phosphodiester 
oligonucleotide for controlling the expression of a gene which is involved in skin 
cancer . The authors applied the antisense oligonucleotide via a subcutaneous 
route and used constant-infusion pumps to ensure that the oligonucleotide was 
adequately administered. 

D. THERE IS NO UNDUE EXPERIMENTATION INVOLVED IN THE 
ADMINISTRATION OF ANTISENSE OLIGONUCLEOTIDES. 

The level of skill of those in the art of antisense technology is quite high. 
Most of the artisans are like myself and hold doctorates in a relevant biological 
science. To achieve a measurable downregulation of protein expression, one need 
only contact the target cells with an adequate amount of antisense 
oligonucleotides. The infusion techniques are conventional and were fully known 
in 1981 . The technique is merely the injection of a saline solution containing the 
antisense oligonucleotides into the appropriate organ. There is simply no basis to 
conclude that such a experimental step was anything but routine and intuitively 
apparent to those of skill. 



In summary, the relative stability of unmodified antisense oligonucleotides 
compared to stabilized oligonucleotides does not render the in vivo use of 
unmodified DNA or RNA without utility for the purpose of downregulating protein 
expression. The attached Exhibits 3-9 clearly document to one of skill that the 
claimed methods are operable under in vivo conditions. Furthermore, there is 
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nothing beyond routine experimentation required to administer the antisense 
oligonucleotides under in vivo conditions and detect a downregulation in the 
expression of a specific protein. 

The declarant has nothing further to state. 



Dated: 1 A f r>\ 1^5 By: ^ Afl q £ ft xH- 

Dr. Jerry L. Ruth 

Attachments: Exhibits 1-9 
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Hon. Commissioner of Patents 
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Washington, D.C. 20231 

Sir: 

I, Dr. Dennis E. Schwartz, being duly warned that willful false 
statements and the like are punishable by fine or imprisonment or both, under 18 
U.S.C, § 1001, and may jeopardize the validity of the patent application or any 
patent issuing thereon, state and declare as follows: 

1 . All statements herein made of my own knowledge are true and 
statements made on information or belief are believed to be true. The Exhibits (1- 
9) attached hereto are incorporated herein by reference. 

2. I received a Ph.D. in chemistry and biological science from the Purdue 
University in 1972. I spent 10 years at Harvard University as a Postdoctoral fellow 
in the laboratories of Drs. Walter Gilbert (Nobel prize laureate) and Paul Zamecnik 
(member of the National Academy of Science). My research specialty involves 
nucleic acid chemistry and biology. 

A copy of my curriculum vitae is attached as Exhibit 2. 

3. I have been a scientific founder of two companies, MicroProbe 
Corporation and Origen. I am presently employed by Origen as a founder and am 
responsible for development of novel therapeutic compounds for human diseases. 
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4. I have read and am familiar with the contents of the application and 
related papers. I understand that the Examiner has made two rejections. The first 
rejection is for failure to fully teach how to make and use the invention as claimed, 
and the second is that the invention is obvious over a combination of four 
references. This declaration will address both rejections. I will provide objective 
evidence of the state of the art of arresting specific protein expression by 
oligonucleotide hybridization in 1981. The evidence will be provided by 
interpretation of references relating to this art and by my personal perspective from 
having been involved in the field of oligonucleotide chemistry and biology in 1981. 

5. ENABLEMENT 

A. Analogs of Nucleic Acid 

It is my understanding that the Examiner has concerns that the 
invention should be limited to phosphotriester-modified nucleic acid and that claims 
reading on natural nucleic acid and other analogs are not enabled. It is my opinion 
that once Dr. Tullis identified functional sizes and the mRNA coding region as a 
target, the invention was fully disclosed to one of skill. The utility of natural 
nucleic acid and various analogs to be internalized by cells and inhibit cell function 
was known. Evidence of these facts can be found in the prior art. For example, 
Miller (1977) describes neutral, nonionic nucleic acids for nonspecific inhibition of 
protein synthesis. Before (1974) used methylated ribonucleic acid to inhibit viral 
replication. Zamecnik and Stephenson (1978) used a natural phosphodiester DNA 
tridecamer to inhibit viral replication in vivo. The DNA was analyzed for purity by 
me. Finally, Summerton (1979) described a number of early reports using various 
nucleic acid analogs to inhibit viral infections (see page 89). 

B, Making Ribonucleic Acid 

The Examiner further argues that there is no teaching of how to make 
or use ribonucleotides. The methodology for making synthetic RNA and its analogs 
was available in 1981 . Evidence of this fact can be found in the Miller reference 
(1977). Therein the authors used an analog of ribonucleic acid to non-specifically 
inhibit protein synthesis. 
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Moreover, methods for chemical synthesis of oligoribonucleotides 
were well established by 1981 as is illustrated by reference to the work of Ohtsuka 
and his colleagues. In the mid and late 1970s, Ohtsuka's group reported synthesis 
of numerous oligoribonucleotides corresponding to the sequence of an £. coli 
tRNA. Some of this work is described in Nuc. Acids. Res. Symp. Series (NARS) 
No. 7, pp. 335-343 (1980), which is attached as Exhibit 3, and the cites therein. 
In 1980 Ohtsuka reported synthesis of oligonucleotides corresponding to the total 
sequence of Escherichia coli tRNA f mct ; these oligos were joined using RNA ligase to 
create an entirely synthetic tRNA (Id.). The synthesis of E. coli tRNA is also 
discussed in a subsequent paper that appeared prior to the filing date of the 
application [Proc. Nat. Acad. Sci. 78(9) 5493 (1981); attached as Exhibit 4]. 
Clearly, by 1981 methods for chemical synthesis had been available for several 
years. 

Enzymatic methods for synthesis of oligoribonucleotides complement 
chemical methods and include use of polynucleotide phosphorylase and T4 RNA 
ligase. RNA ligase in particular has been useful in synthesis of oligoribonucleotides 
and in 1980 Gumport et a/., in a paper on T4 RNA ligase, observed that "...the 
enzyme is now widely used to synthesize defined sequences of RNA," [NARS No. 
7 (1980) pp. 167-171 at 167; attached as Exhibit 5]. In a 1981 review attached 
as Exhibit 6, ("T4 RNA Ligase as a Nucleic Acid Synthesis and Modification 
Reagent" in Gene Amplification and Analysis, Vol. 2, Chirikjian and Papas, eds. 
Elsevier (New York) 1981, pp. 314-345 at pages 335-339), Gumport and 
Uhlenbeck describe work by several groups engaged in oligoribonucleotide 
synthesis, including Ohtsuka [described above], Neilson and colleagues [using a 
combination of organic and enzymatic methods to prepare several 
decanucleotides], Krug and colleagues [preparation of a 21 -nucleotide RNA], and 
others [see citations at 337, first full paragraph]. In my opinion, the attached 
exhibits clearly demonstrate that methods for synthesis of oligoribonucleotides 
were well known in 1981. 
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C. Cell Uptake of Nucleic Acid 

Finally the Examiner raised the issue of cell uptake of nucleic acid. He 
comments that there are no data and methods for actually "getting short DNAs or 
RNAs into cells." Living cells have a natural capacity for internalizing short nucleic 
acids. There is nothing to teach. The cells internalize these compounds without 
special culture conditions. There is no need to render the cells porous. The 
literature relied upon by the Examiner to support his obviousness rejection teaches 
this fundamental fact. For example, the Miller reference involves the effect of a 
trinucleotide analog on mammaliannc^ reference discloses at 

pages 93-94 the routine uptake by animal cells of both RNA and DNA. Finally 
there is the paper by Zamecnik and Stephenson (1978) which describes the 
internalization of viral infected cells by a DNA of 13 nucleotides. 

6. OBVIOUSNESS 

It is my understanding that the Examiner believes that in 1981 a 

person of skill reading Itakura et aL, Paterson et al. or Hastie ef al. and 

Summerton or Miller ef aL would have had a motivation and a reasonable 

expectation that targeting the coding region of a specific mRNA with a 

oligonucleotide complementary to the coding region would have arrested protein 

translation of that mRNA. There are a number of objective reasons why this is not 

an accurate statement of the state of the art in 1981 . 

A. The secondary structure of the mRNA made it an unlikely target for 
control of expression by complementary oligonucleotides. 

The claimed invention went against the conventional wisdom of the 
time. The conventional wisdom in 1981 was that the secondary structure of 
mRNA was extensive that there was no reasonable likelihood that a oligonucleotide 
complementary to a coding sequence would have sufficient access to arrest 
translation inside a living cell. In addition, those of skill understood that the 
natural mechanism of peptide elongation by ribosomes involved the destabilization 
of the extensive secondary structure of the mRNA. For these reasons, the idea of 
hybridizing a complementary oligonucleotide to a coding region of mRNA to arrest 
translation was contrary to conventional wisdom. The oligonucleotide would have 
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to overcome two significant hurdles. First it had to bind to the coding region of 
the mRNA, which was viewed as a Gordian knot of secondary structure. And even 
if the complementary oligonucleotide could find and anneal to its complementary 
subsequence, the ribosomes were viewed as able to bind to a specific non-coding 
site and then read mRNA coding regions constrained by extensive secondary 
structure. Thus it was not likely that the hybridization of a complementary 
oligonucleotide would arrest translation. The ribosome would simply "toss" the 
duplexing structure aside. 

Although there is little express language in the prior-art articulating the 
above concerns, the literature indirectly compels one to conclude that secondary 
structure and ribosomal helix destabilization were concepts teaching away from the 
invention. References published after the priority date of the subject application do 
expressly identify the state of the art at the time of the invention. 

The extensive secondary structure of mRNA was well understood in 
1981. In the book, The Ribonucleic Acids, 1977, Eds. Stewart and Latham, 
Springer Verlag, Chpt. 4, "Messenger RNA" by J.M. Adams, the extensive 
secondary structure in phage mRNA and eukaryotic mRNA is described. Those of 
skill recognized the importance of mRNA secondary structure and particularly were 
aware of the need of low mRNA secondary structure in the region where 
ribosomes initially bind to mRNA. W. Salser, in his chapter Globin mRNA 
Sequences: Analysis of Base Pairing and Evolutionary Implications, in Chromatin 
Vol XLII (1978) pages 985-1001 at page 992, provided a graphic illustration of the 
extensive amount of secondary structure in the typical mRNA. In Dr. Salser's 
illustration, the sequences involved in ribosome initiation and interaction are 
dramatically free of secondary structure. Dr. Adams, on page 103 in his section 
(e) entitled "Influence of secondary and tertiary structure on initiation," also 
discusses the importance of secondary structure on initiation of translation. In 
chapter 7, by Wettenhall and Clarke-Walker of The Ribonucleic Acids, the authors 
on page 258 in a section entitled "Messenger RNA structure" expressly state, 
"[t]he role of mRNA structure in initiation reactions is receiving considerable 
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attention." These authors also discuss the role of secondary structure of mRNA on 
translation efficiency. 

The concern over availability of the coding region to bind 
oligonucleotides is made more apparent when one looks at the secondary 
references relied upon by the Examiner. These references are Paterson et al. and 
Hastie et al. describing cell-free, in vitro experiments in which denaturing 
conditions to relax the secondary structure of their mRNA are applied prior to 
hybridizing nucleic acids. For example, Patterson used 100°C for 30 seconds and 
Hastie used temperatures between 45 °C and 65 °C. For the Examiner to believe 
that one of skill would have understood that complementary oligonucleotides were 
able to bind to the coding regions of mRNA under in vivo conditions when both 
Hastie and Paterson used denaturing conditions is logically inconsistent and 
scientifically incorrect. 

In 1980, I was personally working on a project that had similar 
aspects to Dr. Tullis' work. I was attempting to sequence the RNA genome of 
Rous Sarcoma Virus. I used a procedure which relied on in vitro hybridization of 
short oligonucleotides to the RSV-RNA, followed by 3' extension of the primers 
using reverse transcriptase. The resulting cDNA was then sequenced. Like my 
colleagues seeking to bind DNA to mRNA, the secondary structure of the RSV-RNA 
was of paramount concern to me. I took a number of deliberate steps to minimize 
the effect of secondary structure which might block primer attachment and prevent 
me from obtaining a complete set of cDNA species to sequence. Those steps 
included heating the viral RNA to 95° in low salt (to remove secondary structure), 
rapidly chilling the RNA on ice in a low salt buffer (to freeze the RNA in an open 
conformation), followed by the addition of reverse transcriptase and DNA primers 
as rapidly as possible (less than one minute), and running the reverse transcription 
at the highest possible temperature to maintain an open conformation. The work 
was published in Celt, 32:853-869 (1983), Exhibit 7. I declare that the concerns 
of secondary structure were known to me in 1981, are evidenced by my work 
published in 1983, and were of paramount concern to those of skill in the relevant 
art of the subject invention. 
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A number of other references taught that the targeting of a coding 
regions would not be a preferred target for a oligonucleotide agent expected to 
control expression. Pluskal et al. Biochem. Soc. Trans. 7:1091-1093 (1979), 
wrote that their work with a heterogenous mixture of low molecular weight 
oligonucleotides non-specifically inhibited translation, but that the mode of action 
was not affected by preincubation with the mRNA. One of skill is left to conclude 
that the translation inhibition observed by Pluskal did not occur via complementary 
binding interactions between the oligonucleotides and the mRNA. 

— ContinuingJn-temporal order,-the-Ts'o- patent-further suggests away 
from the Applicant's invention. In the Ts'o patent, the claimed oligonucleotide 
analogues are described as inhibiting expression of a preselected sequence, either a 
cellular nucleic acid or a viral nucleic acid. Ts'o uses trimer analogues and at 
column 25, lines 5-10, they state that their analogues inhibited poly(U) messages 
but not globin messages. In column 26, lines 5-34, Ts'o explains that they saw no 
inhibition in vivo of either bacteria or hamster cells. 

Ts'o's results are consistent with later published reports. These later 
reports actually explain what was intuitively apparent to those of ordinary skill at 
the time Dr. Tullis filed his application in 1981. There was no objective reason or 
basis to conclude that the coding region of mRNA was an effective target for in 
vivo control of expression by trinucleotides because there was no evidence that 
the trimers used by Ts'o inhibited elongation when bound to mRNA either in vitro 
or in vivo. Either the coding regions of mRNA were physically unavailable to 
complementary oligonucleotides or even if binding to the coding regions, the 
oligonucleotides were unable to arrest the elongation process of the ribosomes. As 
explained above, the latter concept was particularly compelling because to 
elongate, ribosomes have to untwist (denature) the secondary structure of mRNA, 

Perhaps the most express and compelling articulation of the true 
state of the art from 1977 until after the effective filing date of the subject 
application is found in Dr. Miller's own work published in two parallel reports in 
1985. In Blake, Murakami and Miller, Biochemistry 24, 6132-6138 and 24, 6139- 
6145, the authors discuss at length their concerns over secondary structure on the 
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availability of subsequences of mRNA to complementary oligonucleotides. In the 

first of the two companion articles (A22) # Dr. Miller looked at 8-12 mer 

oligonucleotides and concluded, on page 6135, that in the cell free rabbit 

reticulocyte protein expression system, 8-mer oligonucleotides do not arrest protein 

elongation, but that if bound to the initiation codon region the oligonucleotides will 

arrest translation. On the second column of page 6136, Dr. Miller in summarizing 

t~he~state of the art expressly" statesr 

The above results are in agreement with the recent findings of 
Liebhaber et al. (1984). They found that cDNAs to human globin 
mRNA which cover the initiation codon or extend into the 5'- 
noncoding region are able to completely inhibit translation in a rabbit 
reticulocyte lysate. In contrast cDNAs which cover only the coding 
region exclusive of the initiation site are not effective at blocking 
translation. These authors postulate that a helix-destabilizing activity 
associated with the reticulocyte ribosomes is able to disrupt 
secondary structure during the elongation step but not the initiation 
step of translation. Thus, cDNAs or oligonucleotides bound to the 
coding region of mRNA would be expected to be unable to prevent 
translation in the reticulocyte system. [Emphasis added] 

Dr. Miller is summarizing two points to explain why oligonucleotides 
binding to the initiation codons will inhibit translation but those binding to coding 
regions will not inhibit translation. He first explains that the ribosomes will simply 
remove the oligonucleotides bound to the translated region (page 6136, column 2), 
and second, he explains that the secondary structure of mRNA precludes the 
binding of the oligonucleotides to the translated region (page 6137). He implies 
this is true even for cDNAs which may be hundreds of bases long. 

In the second article, Dr. Miller is again reporting on the ability of 
oligonucleotides to arrest in vitro translation. In this report the oligonucleotides are 
between 6 and 11 bases long. The authors are reporting some degree of success 
with the binding of oligonucleotides to mRNA coding regions. Although the 
success of the method is being reported, the authors are clearly articulating the 
concerns over secondary structure which was the conventional wisdom in 1981. 
For example at page 6144, the authors state: 
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In addition to the effect of mRNA secondary structure, the 
region of the mRNA to which the oligonucleotide methylphosphonates 
binds influences its effectiveness as an inhibitor of mRNA translation. 
The results in Table II suggest that oligomers complementary to the 5' 
end and initiation codon regions are somewhat better inhibitors than 
the oligomers which bind to the coding regions. Thus it appears that 
the initiation step of translation is more sensitive to oligomer mRNA 
binding than the elongation step of translation. [Emphasis added] 

Finally, as late as 1986, the literature was still suggesting that short 
oligonucleotides will only arrest translation if bound to the initiation sites. In 
particular, Haeuptle et aL, using a cell free translation system, clearly states that 
size of the oligonucleotides bound to coding regions is a critical key to ensuring 
arrest of translation. Just as is taught by the subject application with its effective 
filing date of 1981, Haeuptle reports in 1986 that the oligonucleotides must be 10 
bases or greater in length before substantial inhibition of translation is 
demonstrated. The Examiner should also note that the authors, in deference to 
secondary structure, are using 55 °C for 5 minutes to relax the mRNA sufficiently 
to allow the oligonucleotides to bind to their target regions. 

In conclusion, I state that the conventional wisdom in the art, at the 

time of the invention, taught away from Dr. Tullis' invention. The literature cited 

above is offered as evidence of this wisdom. This literature clearly teaches that 

the secondary structure of mRNA, especially in the coding region, was thought by 

those of skill in 1981 to be extensive and that this secondary structure would 

preclude binding of a complementary oligonucleotide to the coding region mRNA 

for the purpose of arresting translation. Also, there was reason to believe that the 

helix destabilization of ribosomes during elongation would have easily displaced 

any oligonucleotide duplexed on the coding region. Therefore, one of skill would 

not have considered the claimed invention to have a reasonable expectation of 

success in 1981 when Dr. Tullis originally filed the subject patent application. 

B. The Examiner's interpretation of the text in Miller (1977) goes well 
beyond the understanding one of skill would have reading the same text in 1981. 

It is my further understanding that the Examiner has stated that Miller 
(1977) expressly states that oligonucleotides complementary to the coding region 
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of mRNA might inhibit cellular protein synthesis in vivo. The two statements have 

been cited by the Examiner. The abstract states: 

Our biochemical studies suggest that inhibition of cellular 
protein synthesis might be expected if G m p(Et)G m p(Et)U, G m p(Et)G m pU, 
and G m pG m pU, which have been taken up by or formed within the cell, 
physically bind to tRNA and mRNA and inhibit the function of these 
nucleic acids. 

The last paragraph states: 

The triester G m p(Et)G m p(Et)U is complementary to target nucleic 
acids involved in cellular protein synthesis and has a transitory effect 
on the cells which is then relieved by its degradation. Such a 
transitory effect of inhibition may provide a convenient and useful 
way of imposing a temporary interruption of cellular functions. On the 
other hand, neutral oligonucleotide analogues with longer chain 
lengths and a greater resistance to hydrolysis would be expected to 
achieve a greater specificity and effectiveness in regulating the 
function of target nucleic acids inside the cell over a long period of 
time. The observations of the present study lay the groundwork for 
continued investigation into the use of neutral oligonucleotide 
analogues as proves and regulators of nucleic acid function within 
living cells. 

There are multiple reasons why one of skill in 1981 would not have interpreted the 
cited text in the way the Examiner suggests. The text clearly does not state that 
oligonucleotide analogs could bind to the coding regions of mRNA. At best it is 
ambiguous when taken out of context both literally and historically. It is literally 
ambiguous because the authors' work is directed to general inhibition of all protein 
expression by using a trimer to bind to the amino acid accepting codon of a tRNA. 
There is no evidence of binding to target mRNA or of any inhibition of specific 
protein expression due to complementary binding of Miller's trimer to mRNA. 

The phrase "greater specificity" is patently ambiguous. Statistically, 
any trimer sequence is represented every 64 nucleotides and therefore a trimer 
binds nonspecifically. Miller's use of "greater specificity" could refer to 
oligonucleotides that are specific (only) for the amino acid accepting codon of 
tRNA or that bind specifically (only) to the initiation region of a mRNA, or thirdly, 
as the Examiner would read the passage, using longer oligonucleotides that would 
bind with greater specificity to the coding region of an mRNA. 
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In historical context, the meaning of the above quoted text is clearly 
directed to either the tRNA or mRNA binding sites. These were only regions 
perceived by scientists in 1981 as being sufficiently accessible to complementary 
oligonucleotide binding under in vivo conditions. As explained above, the 
extensive secondary structure of mRNA was a primary reason why those of skill 
would have avoided the coding region of mRNA to arrest translation. For example, 
in Dr. Salser's review article of 1978, he includes a figure (Figure 3) depicting the 
proposed secondary structure of a mRNA. It is an extraordinary complex and 
twisted structure. Only a few regions are accessible to a complementary 
oligonucleotide and these are designated as points of initiation and tRNA 
interactions. These open regions which are generally found as single-strand hairpin 
loops. 

Furthermore, the historical record indicates that by April of 1981, Dr. 
Mill understood the limitations of his 1977 report. In Biochemistry, 20:1874- 
1880, Exhibit 8, Dr. Miller ef al. reported on the arrest of globin expression via 
blockage of tRNA aminoacylation by trimers and tetramers. On page 1 879, and at 
Table VI, they report no effect on globin synthesis despite the fact that the 
oligonucleotides used by Miller (polyA) could bind to at least three sites in the 
coding region of mRNA encoding globin (codons 45, 85 and 118). See Exhibit 9. 

Finally, in 1985, the last two Miller references summarize the 
historical evidence that taught away from targeting the coding regions of mRNA 
with oligonucleotide to arrest translation. First, in the introductions to both 1985 
papers, there is no reference to the 1977 paper when discussing mRNA as a target 
for control of protein expression by complementary oligonucleotides. Secondly, as 
stated above on pages 7-8, the 1985 references specifically suggest; (1) that 
secondary structure will prevent binding of oligonucleotides to mRNA; and, (2) that 
helix destabilizing properties of ribosomes will remove oligonucleotide even it they 
were to have access to the coding region of an mRNA. These are two conclusive 
reasons why one of skill would not expect the arrest of protein translation by 
oligonucleotide binding to the two conclusive coding regions of mRNA, 
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In summary, by 1981, Miller's reference to "greater specificity" would 
not have been interpreted as a suggestion for controlling the expression of 
particular "target" proteins by binding to specific coding regions of mRNA, but as a 
suggestion to use longer oligonucleotides to bind specifically to the open regions of 
the tRNA or mRNA that bind to rRNA during the initiation step of protein synthesis. 
The open binding sites are longer than three bases and thus one would expect 
greater specificity for binding by using oligonucleotides greater than three bases. 
For these reasons, I state definitively that one of skill reading Miller in 1981 would 
have recognized that the proposed targets" for binding oligonucleotides are these 
binding sites. 

To argue that in 1981, one of ordinary skill would have predicted in 

vivo utility for an oligonucleotide binding to the coding portions of mRNA is to read 

Miller in a vacuum, and ignores the authors' data and the historical understanding 

of the accessibility of the coding region of mRNA due to secondary structure. 

C. Although the Examiner reads the Miller reference as suggesting the use 
of an oligonucleotide binding to the coding region of an mRNA. Miller does not 
suggest this aspect of Dr. Tullis' invention. 

The Miller reference is silent as to the target sequences on a mRNA to 
which its oligonucleotides might bind. Messenger RNAs have several functional 
domains. The coding region is only one domain. These various domains are 
described as "signals" by W. Salser in his chapter Globin mRNA Sequences: 
Analysis of Base Pairing and Evolutionary Implications, in Chromatin Vol XLII 
(1978) pages 985-1001. The signal sequences are described on page 988 as 
including "ribosome binding, mRNA processing, transport from the nucleus to the 
cytoplasm and so on". 

Dr. Tullis' claims involve only the coding region and one reading Miller 
would not have been directed to this region. One of skill with knowledge of the 
secondary constraints of the coding region of mRNA and the mechanism by which 
ribosomes read mRNA would not have read Miller as suggesting the targeting of 
the mRNA coding region. 
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D- Even if the prior art oligonucleotides of Miller were binding to the coding 
region of an mRNA. thev could not have arrested translation. 

As further evidence that the Examiner's interpretation of Miller goes 
beyond any reasonable interpretation of the reference by one of skill in 1981, I 
would like to point out that the inhibition detected by Miller was in fact solely due 
to a non-specific interference of tRNA. We know this because Miller uses only 
trimer oligonucleotides and trimers were later shown to be useless as inhibitors of 
translation even if bound to a coding region of an mRNA. 

The Examiner is directed to the~1 986-referenceof Haeuptle et al. 
Haeuptle describes the in vitro arrest of translation by oligodeoxyribonucleotides. 
The authors relaxed the secondary structure of mRNA encoding lysozyme using 
55 °C and hybridized oligonucleotides of varying lengths to a portion of the coding 
region. On page 1435 and in Figure 4 on page 1439, they present evidence of 
their inability to arrest translation using short oligonucleotides of 5 bases. The 5- 
mer species are simply too small to have sufficient binding strength to arrest the 
progress of a ribosome. The authors reported successful arrest of translation with 
their 10, 15 and 20 mer species. 

E. The Examiner has misinterpreted th e use of "specificity" bv Miller in 

1977. 

The Examiner relies on the final paragraph of Miller, 1977 stating: 
"... oligonucleotide analogs with longer chain lengths and a greater resistance to 
hydrolysis would be expected to achieve a greater specificity and effectiveness in 
regulating the function of target nucleic acids...". The Examiner reads this 
sentence to include a suggestion to use oligonucleotides for longer binding to the 
coding regions of mRNA. Above I have explained that this phrase is and would 
have been understood by one of skill in 1981 to be directed to the non-coding 
regions of mRNA. I would like to focus this part of my declaration on evidence 
that the authors' reference to "specificity" was in a general context and did not 
refer to the coding regions of mRNA encoding specific proteins. More particularly, 
the authors were referring to oligonucleotides that bound more specifically to the 
amino acid accepting end of the tRNA and the initiation sites of mRNA. 
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Dr. Miller's later publication, Blake et al. (1985A) provides evidence of 

his intended meaning in using "specificity" in 1977. On page 6137, column 2 is 

the word "specific 1 " used in the same context that the word "specificity 2 " was 

used in 1977. Miller is again asserting that his work suggests specific control of 

expression by binding oligonucleotides to mRNA. But the context of the 1985 

reference clearly implies that the arresting oligonucleotides are not directed to the 

coding regions of the mRNA. The Blake article states that the only available 

regions are the initiation points due to secondary structure. Thus the Examiner's 

interpretation of the text of Miller (1977) in an unlimited and broad context so as 

to include the coding regions of mRNA is to ignore the scientific realities of the 

contemporaneous literature. 

F. There are objective s cientific reasons whv one of skill would have not 
had a reasonable expectation that oligonucleotides complementary to the coding 
region of an mRNA could arrest translation of a specific protein. 

The examiner apparently believes that the cell-free systems of Hastie 
and Patterson provide one of skill with a reasonable expectation that in vivo arrest 
of protein expression was possible with oligonucleotides. This is not true. Both 
Hastie and Patterson used cDNAs of lengths that exceed 500 bases. These DNAs 
required harsh denaturing conditions to effect binding to mRNA. The in vivo 
activity of oligonucleotides which are short DNA species, preferably between 13 to 
23 bases, cannot be predicted by the in vitro behavior of cDNA. Furthermore, the 
cDNA used by both Hastie and Patterson are too long to cross a cell membrane. 
They could not be used for in vivo control of translation. 



1 Dr. Miller states in Blake et al. at page 6137, column 2, "The results of this 
study show that sequence-specific oligodeoxynucleotides can be used to 
arrest translation of specific mRNAs in a selective manner in cell-free 
systems." 

2 At page 1995, Miller states: "neutral oligonucleotide analogues with longer 
chain lengths and a greater resistance to hydrolysis would be expected to 
achieve a greater specificity and effectiveness in regulating the function of 
target nucleic acids inside the cell over a long time period." 
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In addition to the impropriety of comparing cDNA to oligonucleotides, 
there are a variety of additional objective reasons why there was no reasonable 
expectation in 1981 that oligonucleotides complementary to the coding region of 
mRNA could arrest translation of specific proteins in vivo. The osmotic potentials, 
the salt and pH conditions, the microenvironments within the various 
compartments of the cells, the ability of oligionucleotides to bind divalent cations 
and affect the electropotential and homeostasis of a cell, the secondary structure 
of the mRNA in vivo, the physical pressure and gel-like consistency of the cytosol, 
are all factors which precluded the ability of one of skiirto"predict with a 
reasonable certainty that complementary oligonucleotides could bind with sufficient 
strength, if at all, to the coding regions of mRNA to selectively arrest translation. 
As Dr. W. Salser succinctly stated in his 1978 review article, "The problem is then 
to assess which parts of the [mRNA] structure in Figure 3 may actually exist in the 
complex milieu of the cell." 

Furthermore, even if one were to ignore the conventional wisdom that 
the secondary structure of mRNA rendered the coding region inaccessible to 
complementary oligonucleotides, there were a number of unknown parameters 
which alone or in combination render the question of successful regulation of 
expression by the claimed methods unpredictable. More specifically, there were a 
number of valid reasons why the oligonucleotides expected to arrest translation 
might not physically reach the mRNA inside a living cell. The mRNA of eukaryotes 
is produced in membrane bound nuclei. The art demonstrated that oligonucleotides 
would be taken up by cells, but not whether the oligonucleotides would be allowed 
access to the internal regions of the nuclei. Before et al., at page 184, states that 
exogenous oligonucleotides used as antiviral agents enter cells but are primarily 
bound to the microsomal fractions and do not significantly enter the host cell 
nuclei. It was known that messenger ribonucleic acid proteins bound to mRNA. 
According to Pain and Clemens, in Comprehensive Biochemistry, Vol 19B, Part 1 at 
pages 14-15 (1980), the function of these proteins was unknown. These proteins 
might have played a role in the storage and delivery of the mRNA to the correct 
ribosomes (membrane bound or not) and might have interfered with the access of 
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the mRNA complementary oligonucleotides. As the authors go on to explain, only 
10% of the total mRNA produced by the cells is actually used by the ribosomes to 
produce protein. That unknown mechanism, perhaps controlled by messenger 
ribonucleoprotein, as well as other unpredictable aspects of mRNA transport, could 
very well have rendered the mRNA unaccessible to complementary 
oligonucleotides. 

In addition, there were the unknown effects of spermidine and 
spermine. These common polyamines tightly bind to the phosphate backbone of 
-mRNA-//i-wVo and play a role in structure and function of mRNA and ribosomes 
during protein synthesis. The impact of spermidine on the ability of 
oligonucleotides to bind in vivo to mRNA, either because the polyamines binding to 
the oligonucleotides might prevent hybridization to mRNA, or because spermidine 
bound to mRNA might block oligonucleotide binding in vivo, was simply unknown. 
Thus, the effect of spermidine and spermine was yet another unknown factor that 
would lead one of skill away from a reasonable expectation that one could effect 
the in vivo arrest of translation by oligonucleotides complementary to the coding 
region of specific mRNA. 

In conclusion, it is clear that one of skill would not have expected, 
with any reasonable degree of certainty, in 1981 that an oligonucleotide specific 
for the coding region of an mRNA could arrest translation. In summary, the 
following seven objective reasons were identified above: (a) that the intact mRNA 
might not be physically accessible to complementary oligonucleotides; (b) that 
secondary structure of mRNA might block complementary oligonucleotide binding; 
(c) that short oligonucleotides might not have sufficient binding strength to block a 
ribosome designed to untangling internal duplexes in mRNA; (d) that the use of 
unsuitably long complementary oligonucleotides would have their own secondary 
structure that would interfere with hybridization of mRNA; (e) that polyamines and 
transport proteins might have rendered the coding region of mRNA inaccessible; (f) 
that the ability of oligonucleotides to bind cations might have had a toxic affect in 
target cells; and (g) that the majority of mRNA are not actually translated by cells 
but rapidly turned over-the flooding of a living cell with oligonucleotides at the 
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concentrations necessary to effectively bind to mRNA might have been toxic in a 
non-specific way. 

This Declarant has nothing further to say. 

Dated: 

o Dennis E. Schwartz, Ph.D. 



attachments: Exhibit 1 [Ruth C.V.] 

Exhibit 2 [Schwartz C.V.] 
Exhibit 3 [Ohtsuka et al. 1 980] - 
Exhibit 4 [Ohtsuka et al. 1981] 
Exhibit 5 [Gumport et al. 1 980] 
Exhibit 6 [Gumport and Uhlenbeck 1981] 
Exhibit 7 [Schwartz et al. 1 983] 
Exhibit 8 [Miller et al. 1981] 
Exhibit 9 [Efstratiadis et al. 1977] 
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Sir: 



I, Dr. Dennis E. Schwartz, being duly warned that willful false statements 
and the like are punishable by fine or imprisonment or both, under 18 U.S.C. § 
1001 , and may jeopardize the validity of the patent application or any patent 
issuing thereon, state and declare as follows: 



1 . All statements herein made of my own knowledge are true and 
statements made on information or belief are believed to be true. The Exhibits 
attached hereto are numbered 1-9. They are each incorporated herein by 
reference. 

2. I have previously submitted a declaration in support of this patent 
application. My scientific credentials are presented therein. 



Decl. of Dennis E. bchwartz 
Serial No.: 08/078,768 
Page 2 



PATENT 



3. As I understand the Examiner's remaining rejection, he believes 



that the pending claims should be restricted to the phosphotriester-modified nucleic 
acids that are stated as a preferred embodiment representing a class of stabilized 
nucleic acids for in vivo applications. The Examiner reasons that the pending 
claims inclusive of in vivo uses are too broad. More specifically, the Examiner 
states that no other suitable nucleic acid analogs were available as of the filing 
date in October of 1981, that unmodified nucleic acids would not be adequately 
stable to have biological activity under in vivo conditions, and that the means for 
administering the antisense molecules would require undue experimentation. 

The purpose of this declaration is to address each of the above issues. More 
specifically, I will explain: (1) that as of the priority filing date, those of skill were 
aware of other analogs of nucleic acid that were modified to enhance stability 
against nuclease activity and which were suitable for in vivo use and that those of 
skill would have recognized from the Applicant's disclosure that these known 
analogs of nucleic acids were useful in the invention; (2) that the stability of 
natural (unmodified) nucleic acid under in vivo conditions is sufficient to permit the 
observation of its biological activity, i.e., to inhibit expression of specific proteins; 
and, (3) that given the level of skill in the art, there is nothing but routine 
experimentation involved in the in vivo use of the claimed method. 

A. PRIOR TO THE FILING DATE OF THE PARENT APPLICATION ON 
OCTOBER 23, 1981, A NUMBER OF STABILIZED NUCLEIC ACID ANALOGUES 
WERE AVAILABLE FOR USE IN THIS INVENTION AND KNOWN THOSE OF SKILL. 

1 . The alkylphosphotriester DNA analogs described in the application as an 
example of a stabilized oligonucleotide were described in the literature in 1974 by 
MHter-«£iit^H*r These analogs have a phosphate bearing four oxygens, three of 
which are substituted with carbon-based substituents. The following discussion 
presents other references that describe chemically modified nucleic acids that were 
available prior to October of 1981 and were used intracellular^. Collectively, they 
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present uncontestable evidence that a variety of stabilized nucleic acids were 
known and available for use in the claimed invention as of the original filing date. 

A second chemically modified nucleic acid was the methylated ribonucleic 
acids described by B€f&&et a/. (1974). Befort is already of record as reference 
A27. In Befort, the authors reported uptake of their stabilized RNA into fibroblasts 
and the subsequent inhibition of viral multiplication. The stabilized nucleic acid 
was a methylated RNA that complemented a portion of the viral genome. 

In Tennai#fPa/. (1974), the authors describe the in vivo effects of an 
alkylated homopolymer of ribonucleic acid on virally induced oncogenesis. Tennant 
is already of record as reference A47. 

In Kunk«toHg|A (Exhibit 1), P.N.A.S. USA 78(11):6734 (1981). The authors 
describe work conducted and published before 1981 using thio-substituted 
deoxynucleosides. On column 2 of page 6734, the authors describe that their 
analogs were previously reported as incorporated into oligonucleotides using DNA 
polymerase and nuclease resistant. 

Finally, MilteiMfif^ reported on the in vivo effects of a DNA analog in March 
1981 . This reference is already of record as A2. Attached to this declaration as 
Exhibit 2 is a true copy of the Medline abstract entry for this reference. The entry 
clearly identifies its publication date as March 1981, seven months before 
applicant's filing date. The analog described by Miller in 1981 was an alkyl 
phosphonate which differs from the phosphotriester of their earlier work by the 
direct attachment of the alkyl substituent to the phosphate. The Examiner is asked 
to review page 1879, second column, where a discussion of the intracellular half- 
lives of the phosphonates and the triesters are compared. 

Thus, it is clear that as of the priority filing date of the present application, 
those of skill would have understood the applicant's reference to stabilized nucleic 
acid to have included more than the phosphotriester compounds that were 
specifically identified. Moreover, and because the use of stabilized nucleic acids 
was a mere example in a universe where both stabilized and natural 
oligonucleotides would function to downregulate expression of protein under in 
vivo conditions, it was, in my opinion, unnecessary to identify for those of skill all 
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the stabilized nucleic acids that were available for use in the invention as of 
October of 1981. 

2. It is my understanding that the Examiner was concerned that the 
specification as filed would not have suggested that the nucleotide analogs 
described in the above references were useful in the invention. There are several 
objective reasons, why those of skill in 1981 would have understood that the text 
of the specification, i.e., page 4, lines 8-13 and claims 29-33 of the original 
specification was referring to the above identified body of knowledge. 

The above referenced text of the applicant's disclosure states: 

The preferred oligonucleotide ... , for increased stability, may be 
transformed into a more stable form, such as a phosphotriester form, 
to inhibit degradation during use. 

Original claims 29 and 32 recite stable forms of olignucleotides that inhibit 

degradation by organisms and claims 30 and 33 recite phosphotriester forms. The 

applicant clearly is teaching that stable, nuclease resistant forms of nucleic acid 

which can duplex to target nucleic acid are preferred forms of the oligonucleotides 

useful in the invention. Even presuming that those of skill were unaware of the 

above body of knowledge, to the best of my knowledge, there was no other body 

of knowledge to which the applicant could have been referring. 

Having explained that there was no other body of knowledge that might 

have been confused with the above reference body of knowledge, it is simply a 

matter of establishing that one of skill would have had the skill to locate the above 

references. The above references are representative of a significant body of work 

involving stabilized nucleic acids for understanding enzyme mechanics, for 

transcription studies, for evaluting cellular uptake of nucleic acid, and for medical 

uses. For the Examiner to maintain that those of skill would not have known of 

the above references or not have been able to find the above references is contrary 

to the way scientists work and contrary to my understanding of how the Patent 

Office establishes obviousness. The phosphotriester reference in the original 

application would have only lead one of skill directly to Dr. Paul Miller's work and 

thus to other analogs. Dr. Miller's published work involved both phosphotriester 
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and phosphonates analogs. Anyone familiar with Dr. Miller's work would have 
known of analogous work by Dr. Fritz Eckstein using thio-substituted nucleic acid. 
Even undergraduates were being taught in 1981 that methylation was a key 
modification to nucleic acid for the purpose of increasing its half-life. In addition, 

the Examiner is asked to review the work of Dr. Summerton in 1978. This 

1-6 

reference is already of record (A33). At page 89, Dr. Summerton summarized the 
art of modified nucleic acids for inhibiting viral replication and specifically 
addressed degradation problems. Among the modified nucleic acids taught by 
Summerton as useful as in vivo antiviral agents were the methylated 
oligonucleotides, thio-substituted nucleic acids as well as the modified 
olignucleotides of Miller. 

Finally, as one of skill in 1981, I can state unequivocaly that I would have 
fully understood what nucleic acids analogs were being referred to by the applicant 
in his original application. For the above reasons, I am of the opinion that the 
Examiner's concern regarding whether one of skill would have understood the 
applicant's teaching to be inadequate to identify other modified nucleic acids is 
groundless. 

B. UNMODIFIED RNA AND DNA HAVE A HALF-LIFE IN VIVO 
THAT IS SUFFICIENT TO PERMIT ITS UPTAKE INTO CELLS. 

The Examiner questions whether unmodified nucleic acid will actually survive 
under in vivo conditions for a sufficient length of time to actually be taken up by 
the cells. There are numerous studies that should convince the Examiner that his 
concerns are without foundation. Unmodified nucleic acid does survive in the body 
for a fairly long period. While its susceptibility to degradation make more stable 
forms of nucleic acid a preferred embodiment, susceptibility to degradation does 
not render unmodified nucleic acid useless. It is merely a matter of dosage with 
unmodified nucleic acid requiring higher amounts and/or longer administration to 
see the equivalent effects of stabilized nucleic acid. 
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While most articles report on the use of DNA, unmodified RNA will also 
survive under in vivo conditions. In Michelson et aL (1985) "Poly(A)Poly(U) as 
Adjuvant in Cancer Treatment Distribution and Pharmacokinetics in Rabbits 
(42082)," Proc. Soc. Exp. Biol. & Med. 179:180-186 (Exhibit 3). In Michelson et 
a/. f the authors describe the half-life of synthetic polyribonucleotides as measured 
in days. Its uptake into cells was also reported on page 184, 1st Col. A second 
report of long term survival of RNA appeared in Wolff et al. (1990) "Direct Gene 
Transfer into Mouse Muscle in Vivo," Science, 247:1465-1468 (Exhibit 4). In 
Michelson, purified RNA and DNA were simply injected into the muscle of mice and 
their respective gene products measured. The authors clearly state in their 
abstract that, "protein expression was detected in all cases and no special delivery 
system was required...." 

Reports involving the use of purified DNA are more numerous than of RNA. 
Illustrative reports of DNA expression of plasmids directly injected into animals are 
provided in Lin et aL (1990) "Expression of Recombinant Genes in Myocardium In 
Vivo After Direct Injection of DNA," Circulation, 82:2217-2221 and Wolff et al. 
(1992) "Long-Term Persistence of Plasmid DNA and Foreign Gene Expression in 
Mouse Muscle," Human Mol. Genet 1(6):363-369 which are Exhibits 5 and 6, 
respectively. The DNA may be linear or circular (see Exhibit 4 at page 368, 2nd 
Col.) 

C. UNMODIFIED ANTISENSE OLIGONUCLEOTIDES HAVE BEEN 
DEMONSTRATED TO BE USEFUL IN A VARIETY OF DIFFERENT ORGANS. 

Naked, natural phosphodiester, antisense oligodeoxynucleotides have been 
reported as sufficiently stable to downregulate gene expression when directly 
injected into an animal. For example, Phillip et al. (1994) "Antisense Inhibition of 
Hypertension: A new strategy for Renin- Angiotensin Candidate Genes," Kidney 
Intern., 46:1554-1556 (Exhibit 7) reports on the direct injection of an antisense 
DNA (unmodified) for reducing hypertension in mice. The DNA was merely injected 
into the mouse carotid artery using a saline solution. 
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Others have reported that antisense DNA will work when directly injected 
into the brain. For example, in Akabayashi et al. (1994) Mol. Brain Res. 21:55-61 , 
the authors dissolved the antisense DNA in saline and simply injected it into the 
brain to inhibit production of a neuropeptide (Exhibit 8). At page 56, 1st Col., the 
authors state that theirs is the third such report. 

As stated above, the use of stabilized DNA was merely a preferred 
embodiment. The use of unmodified DNA was less preferred, but similar results 
could be achieved by merely using more DNA or RNA to accommodate instability. 
Given the level of skill of those practicing molecular biology, this is an intuitively 
apparent solution to an obvious problem. The use of high levels of DNA is 
described in Exhibit 9, Hijya et al. (1994) Proc. Natl. Acad. ScL, U.S.A. 91:4499- 
4503. Hijya et al. report on the use of an unmodified phosphodiester 
oligonucleotide for controlling the expression of a gene which is involved in skin 
cancer. The authors applied the antisense oligonucleotide via a subcutaneous 
route and used constant-infusion pumps to ensure that the oligonucleotide was 
adequately administered. 



D. THERE IS NO UNDUE EXPERIMENTATION INVOLVED IN THE 
ADMINISTRATION OF ANTISENSE OLIGONUCLEOTIDES. 



The level of skill of those in the art of antisense technology is quite high. 
Most of the artisans are like myself and hold doctorates in a relevant biological 
science. To achieve a measurable downregulation of protein expression, one need 
only contact the target cells with an adequate amount of antisense 
oligonucleotides. The infusion techniques are conventional and were fully known 
in 1981 . The technique is merely the injection of a saline solution containing the 
antisense oligonucleotides into the appropriate organ. There is simply no basis to 
conclude that such a experimental step was anything but routine and intuitively 
apparent to those of skill. 
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In summary, the relative stability of unmodified antisense oligonucleotides 
compared to stabilized oligonucleotides does not render the in vivo use of 
unmodified DNA or RNA without utility for the purpose of downregulating protein 
expression. The attached references, Exhibits 3-9, clearly document to one of skill 
that the claimed methods are operable under in vivo conditions. Furthermore, 
there is nothing beyond routine experimentation required to administer the 
antisense oligonucleotides under in vivo conditions and detect a downregulation in 
the expression of a specific protein. 

The declarant has nothing further to state. 



Dated: 



Dr. Dennis E. Schwartz 



Attachments: Exhibits 1-9 
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DECLARATION OF DR. STANLEY T. CROOKE 
PURSUANT TO 37 CFR § 1.132 

I, Dr. Stanley T. Crooke, being duly warned that willful false statements and the like 
are punishable by fine or imprisonment or both, under 18U.S.C. § 1001, and may jeopardize 
the validity of the patent application or any patent issuing thereon, state and declare as 
follows: 



35 1 . All statements herein made of my own knowledge are true and statements made on 
information or belief are believed to be true. The Exhibit attached hereto is incorporated 
herein by reference. x 
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2. I am Founder, Chairman and Chief Executive Officer of Isis Pharmaceuticals. I am 
currently a member of the Board of Directors of Antisense Therapeutics, Limited, Toorak, 
Victoria, Australia; Applied Molecular Evolutions, Inc., San Diego, California; EPDC 
Medical, Inc., Cambridge, Massachusetts; Idun Pharmaceuticals, Inc., La Jolla, California; 
and Axon Instruments, Inc., Union City, California. I also am a member of the LBC Advisory 
Council, Current Drugs Advisory Board, the Editorial Advisory Board of Journal of Drug 
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Targeting and Antisense Research and Development, and the Editorial Board of Gene 
Therapy and Molecular Biology. I also am Editor-in-Chief of Current Opinion in Anticancer 
Drugs and Section Editor for Biologicals and Immunologicals for Expert Opinion on 
Investigational Drugs. I have been appointed by the American Association for Cancer 
5 Research to serve as a member of the California State Legislative Committee. 

I am an adjunct professor at University of California, San Diego and San Diego State 
University. I have authored over 425 publications and have edited 19 books. 

Prior to founding Isis Pharmaceuticals, I was President of Research and Development 
for SmithKline Beckman Corporation (SKB). Prior to joining SKB, I helped establish the 
10 anticancer drug discovery and development program at Bristol Myers. 

A copy of my curriculum vitae is attached as Exhibit 1 . 

3. As early as 1970, 1 worked with oligonucleotides and their uptake by cells. As early 
as 1971, 1 co-authored scientific journal articles regarding the same. In 1972, 1 published my 

15 doctoral thesis entitled "Preliminary studies on genetic engineering: The uptake of 
oligonucleotides and RNA by Novikoff hepatoma ascites cells." I was familiar at that time 
with phosphorothioate oligonucleotides. Indeed, in my doctoral thesis I referred to the work 
of DeClercq as disclosing, inter alia, increased stability of polynucleotides to RNAse 
rendered by "methods such as thiophosphate substitution." It was routine for me to refer to 

20 the works cited in a scientific article and to perform literature searches to provide the 
background for my research. 

A routine literature search by one of ordinary skill in the art would have yielded a 
number of stabilized oligonucleotides, including phosphorothioates, alkylphosphonates, and 
phosphotriesters, available to those skilled in the art as of October, 1981 . 

25 

4. I have read and am familiar with the contents of the above-referenced patent 
application. I have read and agree with the August 19, 1994 and April 14, 1995 declarations 
of Dr. Jerry L. Ruth and Dr. Dennis H. Schwartz. I further understand that the nature of the 
rejection at issue in the pending application is that the Examiner believes that the pending 

30 claims should be restricted to phosphotriester-modified nucleic acids which are included in 
the specification as a preferred embodiment as representing a class of stabilized 
oligonucleotides for in vivo applications. The Examiner alleges that the pending claims, 
calling for stabilized oligonucleotides, are overbroad. 
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The purpose of this declaration is to address this issue. In particular, I will explain 
that: (1) as of the priority date, one of ordinary skill in the art was aware of the existence of 
stabilized forms of oligonucleotides in addition to phosphotriesters and would have been 
guided by the disclosure of the application to the other stabilized oligonucleotides that are 
5 suitable, along with phosphotriester oligonucleotides, for in vivo use according to the claimed 
invention; (2) nothing more than routine experimentation is involved in determining which 
forms of stabilized oligonucleotides will work in the invention; (3) the stabilized 
oligonucleotides known in the art as of October 23, 1981 are taken up by cells, are 
sufficiently stable to exert biological activity, and specifically hybridize to their target 
10 mRNAs ; and (4) in vitro models correlate to in vivo biological activity of the stabilized 
oligonucleotides, as substantiated by pre- and post-filing references. 

5. The application provides adequate guidance to one of ordinary skill in the art of the 
stabilized oligonucleotides known in the art and available prior to the October 23, 1981 filing 
1 5 date of the parent application. 

a. Issue: The selection of the form of stabilization of the oligonucleotides for use 
in the invention is an inventive principle thereof and is not recited in the application. 

The Facts: The point of novelty of the invention is not the form of stabilized 
20 oligonucleotides used therein. Indeed, various forms of stabilized oligonucleotides were 
known in the art in 1981, as discussed below. An inventive principle of Applicant's 
discovery is that protein expression may be specifically inhibited by targeting the coding 
region of a mRNA with an oligonucleotide of greater than about 14 nucleotides that is 
substantially complementary to the mRNA. 

25 

b. Issue: * The application fails to guide those of skill in the art as to which 
oligonucleotides to use, as a literature search is not expected of one of skill in the art. The 
"scant statements" in the application are insufficient guidance as to which oligonucleotides to 
use in the invention. 

30 The Facts: Stabilized oligonucleotides were known in the art in October 1981, 

and the application provides guidance as to which oligonucleotides to use. The language of 
the application made evident to one of ordinary skill in the art in 1981 that phosphotriester 
oligonucleotides were only a representative example of other forms of stabilized 
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oligonucleotides, all of which would have been equally suitable for use in the methods of the 
invention. To identify those other stabilized oligonucleotides, one of ordinary skill in the art 
need only begin with the application itself as the phosphotriester oligonucleotides set forth in 
the application as an example of stabilized oligonucleotides were described in the literature 
5 cited in the application. Specifically, the application cites Miller et al. (Biochemistry, 
16:1988 (1977) ("Miller 1977")) for describing the stabilized, nuclease resistant 
phosphotriester form of oligonucleotides used in the examples. Thus, I am in agreement with 
the earlier-filed declarations of Dr. Ruth and Dr. Schwartz that the phosphotriester reference 
. -in the.original application would have "lead one of skill . directly to Dr. Paul Miller's work" 

10 and that "anyone familiar with Dr. Miller's work would have known of analogous work by 
Dr. Fritz Eckstein using thio-substituted nucleic acid." This is true because Miller et al. 
(Biochemistry, 13(24): 4887-4906 (1974)), referenced in the Miller 1977 article named in the 
application, specifically cites to the work of Eckstein. 

It is my experience as a researcher that when reviewing a scientific article, one 

15 routinely refers to the works cited therein to provide the background against which the 
research is presented. Thus, the study of one scientific article routinely leads me to the 
review of several other such scientific articles. 

Moreover, a routine literature search by one of ordinary skill in the art would have 
yielded a number of stabilized oligonucleotides available to those of ordinary skill in the art 

20 in October of 1981 and suitable for use in the invention. For example, U.S. Patent No. 
3,687,808 to Merigan et al. describes stabilized phosphorothioate oligonucleotides available 
as early as 1972. In addition, Matzura and Eckstein (Eur. J. Biochem., 3: 448-452 (1968)) 
describe the nuclease resistance of phosphorothioate oligonucleotides. Agarwal and Riftina 
(Nuc. Acids Res., 6:9, 3009-3024 (1979)) describe the synthesis of oligonucleotides 

25 containing methyl and phenylphosphonate linkages. DeClercq et al. (Virology, 42:421-428 
(1970)) describe the resistance of thiophosphate-substituted oligonucleotides to degradative 
enzymes. Befort et al. (Chem.-Biol. Interactions, 9:181-185 (1974) ("Befort")) report that 
ribonucleic acids stabilized by methylation are taken up by cells and exhibit anti-viral 
activity. Miller et al. (Biochem. 20(7): 1874-1880 (1981) ("Miller 1981")) report a stabilized 

30 alkyl phosphonate DNA analog having activity in vitro. Holy ("Synthesis and Biological 
Activity of Some Analogues of Nucleic Acids Components," in Phosphorus Chemistry 
Directed Towards Biology, W.J. Stec, Ed., Pergamon Press, 53-64, 1980) describes modified 
nucleotide analogs having hydroxyl-containing aliphatic chains that are stable in vivo and 




DOCKET NO.: ISIS-4502 PATENT 

5 

display inhibitory and substrate activities. Harvey et al. (Biochem. 12(2):208-214 (1973) 

("Harvey")) describe 5' -terminal alkyl phosphorothioate groups as protecting groups in 

oligonucleotide synthesis . Malkievicz et al. (Czech. Chem. Commun., 38:2953-2961 (1973) 

("Malkievicz")) demonstrate the use of alkyl thioyl moieties as blocking groups in 

5 oligonucleotide synthesis. 

I further agree with both Dr. Ruth and Dr. Schwartz that, 

The above references are representative of a significant body of work 
.... For the Examiner to maintain that those of skill would not have 
known of the above references or not have been able to find the 
10 above references is contrary to the way scientists work 

April 14, 1995 declarations of Dr. Ruth and Dr. Schwartz at 4. Summerton et al. (J. Theor. 
Biol. 78:77-99 (1979) ("Summerton")), reviewing the modified oligonucleotides available in 
1979, confirms that a person of ordinary skill in the art could have located the references 

15 describing stabilized oligonucleotides with only reasonable diligence as much as two years 
prior to Applicant's priority date. 

Additionally, the rate of developments in the "field of chemical synthesis" of 
oligonucleotides in the early 1980s is irrelevant to the present analysis. That improvements 
to methods of chemically synthesizing oligonucleotides were being made in the early 1980s 

20 has no bearing on the patentability of the methods of selectively inhibiting the expression of a 
target protein in a cell without inhibiting the expression of other proteins. 

Moreover, the rate of developments in the field of stabilization of oligonucleotides in 
the early 1980s was not so rapid, as evidenced by the broad timeframe over which the 
aforementioned publications became available and as further reflected by references 

25 published shortly after the 1981 priority date, that the level of skill in the art changed 
dramatically over the course of only a few months. For example, Miller et al. (Nucleic 
Acids: The Vectors of Life, 521-535 (1983) ("Miller 1983")), which was submitted for 
publication prior to the effective filing date, describe alkyl phosphotriester and 
methylphosphonate oligonucleotides as nuclease resistant analogs that are taken up by cells in 

30 culture. Likewise, Vosberg et al. (J. Biol. Chem., 257(11): 6595-6599 (1982) ("Vosberg")) 
and Connolly et al. (Biochem., 23(15):3443-3453 (1984) ("Connolly")) describe the nuclease 
resistance and resulting increased oligonucleotide stability through the use of 
phosphorothioate linkages. 
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Thus, I can state unequivocally that it is clear that, as of the October 23, 1981 priority 
date of the present application, those of ordinary skill in the art would have understood 
Applicant's reference to stabilized oligonucleotides to have included more than just the 
phosphotriester compounds that were specifically identified and that the application provides 
5 adequate guidance as to which stabilized oligonucleotides to use in the invention given the 
level of skill in the art. 

6. The application provides adequate guidance to one of ordinary skill in the art as to 

how to use o ther stabilized oligonucleotides in the methods of the invention. 

10 

a. Issue: Undue experimentation would be required to practice the invention. 

The Facts: Nothing more than routine experimentation was necessary to use 
the stabilized oligonucleotides known in the art in October 1981 in the invention. The 
methods for using different stabilized oligonucleotides according to the invention are 
15 essentially identical to the methods for using phosphotriester oligonucleotides set forth in the 
application. The stabilized oligonucleotide is simply administered, and the expression of the 
target protein is monitored. This experimentation was routine for one of ordinary skill in the 
art in 1981. 

20 b. Issue: The application provides no guidance regarding the internalization of 

the stabilized oligonucleotides in vivo. Gura and Rojanasakul support the contention that not 
all stabilized oligonucleotides are internalized by cells. The post-priority date references 
cited by the applicant are not available to the applicant as rebuttal evidence. 

The Facts: The specification provides adequate guidance regarding 

25 internalization of stabilized oligonucleotides by cells. In regard to cellular uptake of the 
stabilized oligonucleotides, I am in agreement with the August 19, 1994 declarations of Dr. 
Ruth and Dr. Schwartz. It was known in the art in 1981 that short oligonucleotides are 
internalized by cells in the absence of special culture conditions or methods to stimulate 
uptake thereof. This fact is evidenced by several pre-priority date references, including 

30 Befort, Miller 1981, and Summerton, each of which describes the uptake of modified 
oligonucleotides by cells. For example, the Befort article reports that "[a]ll RNAs, modified 
or not, enter the cells . . . Befort at 181. The Miller 1981 abstract states that "[t]ritium- 
labeled oligodeoxyribonucleoside methylphosphonates ... are taken up intact by mammalian 
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cells in culture." Likewise, Summerton describes the uptake of DNA and RNA by 
prokaryotic and eukaryotic systems. 

Moreover, I note that Gura is not a peer-reviewed article by a practicing scientist. 
Rather the article was written by a reporter for the Chicago Tribune, Gura at 577. Gura 
5 merely represents a biased and untrained assessment of antisense technology by an individual 
having no skill in the art who solicited the opinions of admitted skeptics of the technology, 
including Cy Stein, Arthur Krieg, and others. Gura at 575. The news article contains no 
counterbalancing opinions by those who have been successful in oligonucleotide technology. 
The lengthy prosecution of the present application has allowed us to witness the successes 

10 achieved in the field of antisense technology, ratifying the views of proponents of antisense at 
the time of the invention and silencing, and indeed converting, many critics to what is clearly 
the correct view. Scientifically grounded, peer-reviewed journal articles support the fact 
that stabilized oligonucleotides are internalized by cells. These journal articles were authored 
by individuals of ordinary skill practicing nothing more than what is taught by the present 

15 application. In sum, Tullis was right then - true scientists knew it - and is right today. 

The Rojanasakul article cited by the Examiner reports that, "[w]hen added directly to 
cells in culture, only 1-2% of the added [oligonucleotides] become cell-associated." 
Rojanasakul at 118, 120. Rojanasakul also states that there are "examples of successful in 
vivo treatment in the absence of specialized delivery systems." Id. at 118. Additionally, 

20 Rojanasakul reports that phosphorothioate oligonucleotides readily compete with unmodified 
oligonucleotides for cellular uptake and that methylphosphonates also enter cells. Id. at 120. 
Thus, Rojanasakul supports cellular uptake of stabilized oligonucleotides. 

Additionally, Phillips et al. (Kidney International, 46: 1554-1556 (1994)) report the in 
vivo effects of phosphorothioated oligodeoxynucleotides simply injected into the brains of 

25 rats and concluded that "[o]ur present results do show that sufficient [oligodeoxynucleotide] 
uptake occurs in vivo to provide inhibition of blood pressure which appears to be related to 
the inhibition of angiotensin gene or ATi receptor gene expression." Phillips at 1556. 
Additionally, Hijiya et af. (Proc. Natl. Acad. Sci. 91: 4499-4503 (1994)) report that 
phosphorothioate-modified antisense oligodeoxynucleotides targeted to the MYB 

30 protooncogene controlled the growth of a human leukemia in a SCBD mouse model. Thus, 
Phillips and Hijiya reinforce the operability of the claimed methods. Mercola et al. (Cancer 
Gene Therapy, 2(1): 47-59 (1995)) lends further support to the in vivo operability of 
stabilized oligonucleotides. Mercola describes several studies in which phosphorothioate 
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oligonucleotides administered systemically downregulate the in vivo expression of their 
targets. See, e.g., Mercola at 54-55. Additionally, Putnam (Am. J. Health-Syst. Pharm. 53: 
151-160 (1996)) describes several in vivo studies demonstrating cellular uptake of modified 
oligonucleotides. See, e.g., Putnam at 154 ("When day-old Pekin ducklings were infected 
with duck hepatitis B virus and then, two weeks later, given daily intravenous injections of an 
antisense oligonucleotide for 10 days, there was reproducible dose-dependent inhibition of 
viral replication."); 156 ("In vivo studies in rats have also yielded promising results. 
Antisense oligonucleotides recognizing c-myc, cdk 2, and cdc 2 inhibited the proliferation of 
smooth muscle cells after carotid artery angioplasty.") (citations omitted). Thus, these post- 
priority date references confirm what was already known in October 1981 about the cellular 
uptake of stabilized oligonucleotides in vivo. 

c. Issue: The application provides no guidance regarding the in vivo stability of 
modified oligonucleotides. The Examiner points to Gura and Rojanasakul to support the 
assertion that modified oligonucleotides are not stable in vivo. 

The Facts: The Examiner relies on Gura to support his contention that 
modified oligonucleotides are not stable in vivo. Gura, however, poses the incorrect question. 
The appropriate question that should have been posed in that news article is not "do antisense 
compounds 'work the way researchers once thought they did'?" but rather "what are the 
pharmacokinetic data regarding the stability of modified oligonucleotides in cells and in an 
integrated system, such as an animal?" As presented herein, scientifically grounded, peer- 
reviewed journal articles support the fact that modified oligonucleotides are stable in cells 
These journal articles were authored by individuals of ordinary skill practicing nothing more 
than what is taught by the present application. 

The application provides adequate guidance regarding the stability of stabilized 
oligonucleotides. I am also in agreement with the April 14, 1995 declarations of Dr. Ruth 
and Dr. Schwartz stating that it was known in the art in October 1981 that modified 
oligonucleotides are stable in cells. For example, Befort reports the inhibition of Sindbis 
virus by chemically modified RNAs in chicken embryo fibroblasts. 

Stability of modified oligonucleotides has been repeatedly confirmed by post-priority 
date references. Even Gura supports the stability of modified oligonucleotides in vivo by 
describing the many effects resulting from administration thereof in cell culture and in vivo. 
See, e.g., Gura at 575 ("Researchers also made [the oligonucleotides] more resistant to the 
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many enzymes that break down nucleic acids by replacing a critical oxygen atom in each 
nucleotide building block with a sulfur atom."); 577 (describing the in vivo effects of 
phosphorothioate oligonucleotides). Likewise, Rojanasakul supports the in vivo stability of 
modified oligonucleotides. See, e.g., Rojanasakul abstract (explaining that protected or 
5 modified oligonucleotides are stabilized against degradation in a biological environment); 
119 (describing chemically modified oligonucleotides, including phosphorothioates, 
phosphorodithioates, and methylphosphonates, as preferred alternatives to naturally occurring 
phosphodiester oligonucleotides in view of in vivo stability). Phillips et al. (Kidney 
International 46: 1554-1556 (1994)) report that injections of phosphorothioated antisense 

10 oligodeoxynucleotides directed against angiotensin II type 1 mRNA into hypertensive rats 
produced a long lasting decrease in blood pressure. Additionally, Hijiya et al. (Proc. Natl. 
Acad. Sci. 91:4499-4503 (1994)) demonstrate that subcutaneous administration of 
phosphorothioated oligonucleotides targeting the MYB protooncogene suppressed MYB gene 
expression in a SCID mouse model. Mercola and Cohen (Cancer Gene Therapy 2(1): 47-59 

15 (1995)) describe studies in which systemic delivery of modified oligonucleotides yields 
significant downregulation of expression of the targeted gene in vivo. Similarly, Putnam 
(Am. J. Health-Syst. Pharm. 53:151-160 (1996)) summarizes several studies in which 
modified oligonucleotides exhibit inhibitory effects in vivo. Thus, these post-priority date 
references confirm that which was already known to the ordinarily skilled artisan in 1981 

20 regarding the stability of the modified oligonucleotides in vivo. 

d. Issue: The application provides no guidance regarding the specificity of 
hybridization of the modified oligonucleotides in vivo. Gura and Rojanasakul support the 
contention that not all stabilized oligonucleotides bind. 

25 The^Facts: The Examiner relies on Gura to support his contention that 

stabilized oligonucleotides do not hybridize. Gura, however, poses the incorrect question. 
The appropriate question to be answered is "what are the specificity indices of stabilized 
oligonucleotides in cells" and in an integrated system, such as an animal?" In fact, as 
presented herein, scientifically grounded, peer-reviewed journal articles support the fact that 

30 stabilized oligonucleotides hybridize specifically. These journal articles were authored by 
individuals of ordinary skill practicing nothing more than what is taught by the present 
application. 
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The application provides adequate guidance regarding the hybridization specificity of 

stabilized oligonucleotides. Given the representative example of a stabilized oligonucleotide 

in the application, only routine experimentation by one of ordinary skill in the art would be 

required to determine which other forms of stabilized oligonucleotides demonstrate specific 

5 hybridization in vivo using the application as a guide. It was known in the art in 1981 that 

stabilized oligonucleotides, including RNA and DNA analogs, bind specifically to their 

targets in cell culture. For example, Miller 1981 teaches that phosphonate analogs 

specifically bind intracellular^ to initiation sites and tRNA binding sites of mRNA. 

Additionally, Befort uses artificially methylated nucleic acids to inhibit viral replication in 

10 cell culture. The Summerton reference also states that analogs and derivatives of nucleic 

acids function as a result of specific base pairing: 

[TJhere are a growing number of reports on antiviral and/or 
anticancer activity of homopolyribonucleotides, analogs, and 
derivatives thereof, and a synthetic oligodeoxy-ribonucleotide. The 
15 general rationale for this work is that the introduction of such 

polymers into virally infected cells may lead to pairing between the 
introduced polymer and a specific viral structure of nucleotide 
sequence. Presumably such pairing would inhibit some critical 
function in the virus life cycle. 

20 

Summerton at 89. 

The specificity of hybridization of stabilized oligonucleotides, including both RNA 
and DNA analogs, has been reinforced by a number of post-priority date publications. For 
example, the modified oligonucleotides of Phillips and Hijiya caused downregulation of 

25 expression of their target proteins. Mercola et al. (Cancer Gene Therapy, 2(1): 47-59 (1995)) 
and Putnam (Am. J. Health-Syst. Pharm., 53: 151-160 (1996)) lend further support to the in 
vivo operability of stabilized oligonucleotides. Mercola describes several studies in which 
phosphorothioate oligorfearynucleotides downregulate the in vivo expression of their targets. 
See, e.g., Mercola at 54-55. Likewise, Putnam states that "[modification of the 

30 phosphodiester linkages in oligonucleotides can lend the sequences enzymatic stability 
without affecting their binding capacities." Putnam, abstract. The modifications referred to 
in Putnam include phosphorothioates, methylphosphonates, methylphosphotriesters, 
ethylphosphotriesters, and alkylphosphoramides. Putnam at 157, Figure 3. Thus, these post- 
priority date references confirm what was known to one of ordinary skill in the art in 1981 . 
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In summary, (1) as of the priority date, one of ordinary skill in the art was aware of 
the existence of stabilized forms of oligonucleotides other than phosphotriesters and was 
guided by the disclosure of the application to the other stabilized oligonucleotides that are 
equally suitable as phosphotriester oligonucleotides for use according to the claimed 
invention; (2) nothing more than routine experimentation is involved in determining which 
forms of stabilized oligonucleotides will work in the invention; (3) the stabilized 
oligonucleotides known in the art at the effective filing date are taken up by cells, are 
sufficiently stable to exert biological activity, and specifically hybridize to their target 
mRNAs; and (4) the in vitro models correlate to in vivo biological activity of the stabilized 
oligonucleotides, as substantiated by pre- and post-filing date references. 

I further declare that statements made herein of my own knowledge are true and that 
all statements made on information and belief are believed to be true; and further that these 
statements were made with knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United 
States Code that such willful false statements may jeopardize the validity of the application or 
any patent issuing thereon. 
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Synthesis of Oligodeoxyribonucleotide Ethyl Phosphotriesters 
and Their Specific Complex Formation with Transfer 
Ribonucleic Acid 1 " 



Paul S. Miller, J. C. Barrett. 1 and Paul O. P. Ts'o* 



ABSTRACT; OI igodeoxy ribonucleotide ethyl phosphotriest- 
ers, d-Tp(Et)Gp(Et)G and d-Tp(Et)Tp(Et)Cp(Et)A. were 
synthesized by a stepwise, chemical procedure. These tries- 
ters are complementary, respectively, to 3'-CpCpA-OH 
(the 3'-amino acid accepting terminus) and to -UpGpApA- 
(thc anticodon region) of phenylalanine tRNA from yeast 
and Escherichia coli Tritium-labeled tricstcrs were pre- 
pared by exchange or the H-8 protons of adenine and gua- 
nine in the oligomers in tritiatcd water. The association 
constants for binding of the triesters to their complementa- 
ry regions on tRNA were measured by equilibrium dialysis 
and were compared with those of oligodeoxyribonuclcotidcs 
and oligoribonucleotides of the same sequences. In 1 M 
NaCl-10 mM MgGj at 0°, the association constants of the 
oligomers with both tRNA Phc >c;iM and tRNA Phc tx> // are very 
similar. The association constants of the ribooligonucleo- 
tides arc 8 to 20 times larger than those of the correspond- 
ing deoxyribooligonucleotides, while the deoxyribooligo nu- 
cleotide triesters exhibit binding constants slightly higher 



than those of the deoxyribooligo nucleotides. These differ- 
ences are discussed in terms of the differences in conforma- 
tions of the various oligomers, At low salt concentration 
(0.1 M NaCl, I mM EDTA), the oligonucleotide tricstcrs 
have the same binding constants as at high salt concentra- 
tion, whereas the corresponding dcoxyribo- and ribooli- 
gonucleotides show a four- to sixfold decrease in their bind- 
ing constants. This reflects the removal of the charge repul- 
sion between the neutral triesters and the tRNA. The bind- 
ing of oligomers to modified tRNA Phe yeu „ was also exam- 
ined. Removal of the Y base decreased the binding of anti- 
eodon-complementary oligomers sixfold while removal of 
the 3'-CpA residues decreased the binding of the 3'- 
CpCpA-OH complementary oligomers 6* to 20-foid. This 
study provides the chemical and physicochemical basis for 
the investigation of the biochemical effects of these triesters 
on the aminoacylation of tRNA which is reported in the fol- 
lowing paper (Barrett, J. C, Miller, P. S., and Ts 1 ©, P. O. P. 
(1974), Biochemistry 13. 4897). 



o, 



Migodcoxyribonuclcotide alkyl phosphotriesters are oli- 
godeoxyribonucleotide analogs containing an alkylated 3'- 
5' internucleotide phosphate linkage. In the preceding pa- 
pers of this series (Miller ex aL. 1971; DcBocr et aL 1973; 
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(1973). 

f This work was submitted as partial fulfillment of the requirement 
Tor the Degree of Doctor of Philosophy to the Johns Hopkins Universi- 
ty. 



Kan et aL. 1973) we have shown that these oligodeoxyri- 
bonucleotide analogs have the following novel characteris- 
tics. (I) The triesters are uncharged at neutral pH. (2) Tri- 
cstcrs form base-paired complexes with complementary po- 
lynucleotides. The complexes have a higher stability than 
similar complexes formed by the parent diester, presumably 
due to the removal of charge repulsion between the phos- 
phate of polymer and the alkyl phosphotriester of the oli- 
gomer. (3) Trityl-containing derivatives of these compounds 
are very soluble in organic solvents, a feature which allowed 
us 10 investigate hydrogen- bonded, base-pairing interac- 
tions of these compounds in chloroform. (4) The methyl or 
ethyl groups of the dimeric phosphotriesters serve as report- 
ers in proton magnetic resonance (pmr) studies on the con- 
formation of the dimer, especially at the backbone region. 
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(5) The solution conformations of di nucleoside alkyl phos* 
photricsters arc similar to those of the parent diesters, al- 
though base-stacking interactions arc slightly reduced. (6) 
The dinucleoside alkyl phosphotricstcrs arc chemically sta- 
ble in neutral solution at room temperature and are com- 
pletely resistant to hydrolysis by exonuclcase enzymes. 

In this paper we describe the synthesis of d- 
TpCEOGpCEtJG 1 and d-Tp(Et)Tp(Et)Cp(Et)A 1 and their 
tritium-labeled derivatives. The base sequences of these tri- 
esters are complementary to the 3'-CpCpA-OH, amino acid 
accepting terminus of most tRNAs, and the -UpGpApA% 
anlicodon region of phenylalanine transfer RNA from yeast 
and Escherichia coii. These tricsters were found to form 
hydrogen-bonded complexes with their complementary re- 
gion of- these tRNAs at both highland Jaw salt concentra- 
tions. The association constants of these interactions were 
determined by equilibrium dialysis experiments. The results 
of these binding studies are compared with the results of 
binding studies using the comparable oligoribo- and oligo- 
deoxyribonucleotide diesters. In the following pap er tnc ef- 
fect of triester-tRNA complex formation on the aminoacy- 
lation of tRNA is described in detail (Barrett et aL. 1974), 

Results and Discussion 

Syntheses and Stability of Oligonucleotide Ethyl Tries- 
ters. Oligonucleotide alkyl and aryl phosphotricster deriva- 
tives have been synthesized by a number of workers for use 
as intermediates in the syntheses of oligodeoxyribo- and oli- 
goribonucleotidcs (Utsinger et aL, 1969; Eckstein and 
Rizk. 1967; Reese and Saffhill, 1968; Grams and Letsinger, 
1970; van Boom et aL. 1971; Catlin and Cramer. 1973; Ita- 
kura et aL, 1973). In all cases an appropriately protected 
alkyl or aryl nucleoside phosphodiesier was condensed with 
a suitably protected nucleoside or nucleoside 3'-phospho- 
tricster to yield the iriestcr. 

In our work wc have explored an approach in which the 
tricstcr is formed from a suitably protected oligonucleotide 
phosphodiesier intermediate by direct alkylation of the 
phosphate group (Mi)ler et aL. 1971). The alkylating agent 
in this reaction is cthanol Logethcr with 7V,N-dimeihylfor- 
mamidc, 2.6-lutidinc, and />-toiucncsulfony] chloride. The 
tosyl chloride or its complex formed by reaction with MN- 
dimcthylformamidc, (CH_0 2 N + ^eHOSO 2 C6HjCHw> 
(Cr) (Hall. 1956), activates the phosphate group for at- 
tack by the alcohol. Cramer and Winter (1961) reported 
similar formation of phosphotri esters from dinucleoside 
phosphomonochloridates in dimcthylformamide. 

Previously Holy and Scheit (1967) have reported alkyla- 
tion of the phosphate group of d*TpT using diazomethane. 
An 8% yield of phosphotriester was obtained, but all the 
thymine bases were methylated. Successful alkylation of d- 
TpT using diazomethane has been reported by Scheit 
(1967), the phosphotricster being obtained in 80% yield. 
More recently Nagyvary and coworkers (1973) synthesized 
oligothymidylatc methyl tricsters by the reaction of oli- 
gothymidylate with methyl meihancsulfonatc as the alkyl- 
ating agent. The reaction resulted in an 80% phosphotricst- 
er formation, accompanied by some methylation of the thy- 
mine base. 



' The system of abbreviation used is the smmc as thai described by 
Schiillcrand Khorana (1963) and by van de Sandc ;*nd BiUkcr (I9*>3). 
Np(El)N indicates ethylation of the V 5' internucleoiidc phosphate 
linkage. Abbreviations used arc: TosCl, /i-iolucncsullbnyl chloride; 
McjPhaCl. irimeihylbenTcncsullbnyl chloride. 



Scheme I: Synthesis of d-TplEt)Gp(Bt)G 
d-MMTrT + d-pG lB OiB 

1 1 

d-MMTrTpG lfl OlB 

1e«oh 

d-MMTrTp(Et) G lfl OiB d-Tp(Et)G 

jOH- 

d-MMTrTp(Et)G iB + d-pG lo OiB 
. J 

]Me 3 HhJCl 

d- MMT r Tp(Et) G 1 B pG iB OiB 2 Ht - d-Tp(Et)GpG 

1T<mCI 
EtOH 

i OH~ 

d-MMTrTp(E«Gp AB (Et)G IB OiB f~r- d-Tp{Et)Gp(Et)G 
Scheme II: Synthesis of d-Tp(Et)Tp(Et)Cp(Et)A 

d-MMTi'Tp(E0TOAC 

I- 

d- M MTrT|i( EOT + d-pC^OAc 
' — -. » 

d-MMTrTpfEOTpC^OAc d-Tp(El)TpC 

\ ii 

d-MMTr'MEOTptEtJC^OAr ' ~- d-Tp(Et)Tp(EUC 

| c»m 

d-MMTrTp(Efc)Tp(EllC** + d-pA fl *OAc 

d-MMTrTpCEt)Tp{EOC A- pA b "OAc — ^- ^Tl)(Et)Tp(Et)CnA 

I T«CI 

I I (CM 

d-MMTrTp(Et)TptE0C A *p(E0A Ul OAt: °" - ct-Ti3(EUTp(Et)Cp{EUA 



The synthetic routes for the preparation of d- 
Tp(Et)Gp(Et)G and d-Tp(Et)Tp(Et)Cp(Et)A are shown in 
Schemes I and II. The basic scheme involves stepwise addi- 
tion of protected nucleoside 5'-phosphatcs to a growing olig- 
onucleotide chain followed by ethylation of the resulting 
phosphodicstcr linkage, to give oligonucleotide tricsters of a 
defined sequence. Thus, in the case of d-Tp(Et)Gp(Et)G 
(Scheme I), the protected dinucleotidc, d-MMTrTp-' 
G i6 OiB t was synthesized by condensation of the appro- 
priately protected monomers and the product was isolated 
and purified by extraction procedures similar to those re- 
ported by Caruthers et al. (1972). The diester was then 
clhylated. In this particular reaction an equivalent of 
mcthylimidazolc was added to the ethylation media. >V- 
Mcihylimidazolc has been shown to increase the amount of 
phosphotriester formation in the synthesis of oligothymidy- 
latc ethyl phosphotricstcrs (R. Pless. personal communica- 
tion). However, a fluorescent side product which appeared 
to result from alkylation of the guanine ring was detected in 
this reaction. Therefore, addition of N- methylirnidazole 
was avoided in further ethylation reactions involving gua- 
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tablf- i : Spectral Characteristics of Oligonucleotides and Oligonucleotide Triesters in Water, pH 7. 





^max (nm) 


Xmin (nm) 




6 (AmnO 


d-TpG a 


255, 270 (s) 


229 


1.18 




d-TpGpC° 


255, 270 (s) 


230 


1.24 


32.5 X 10 3 


d-Tp(Et)G 


255, 270 (s) 


228 


1-17 




d-Tp(Et)GpG 


255, 270 (s) 


227 


1.30 




d-Tp(Et)Gp(Et)G 


255, 270 (s) 


227 


1.24 


33.3 X 10 1 


d-GpOpT 


253, 270 (s) 


232 


1.25 


31.7 X 10 1 












d-Tp(Et)T 


267 


236 


1.53 




d-Tp(Et)TpC 


267 


237 






d-Tp(Et)Tp(Et)C 


267 


237 


1.33 




d-Tp(El)Tp(Et)CpA 


264 


234 






d-Tp(Et)Tp(Et)Cp(Et)A 


263 


234 


1.77 


35.8 X 10 a 


d-TpTpCpA 


263 


235 


1.80 


34.2 X 10 3 



" The spectral properties of this compound are similar to those of d-pTpG (Biichi and Khorana, 1972). 0 Similar spectral prop- 
en ies were observed by Caruthcrs et al. (1972). e The spectral properties of this compound are similar to those of d-TpGpG. 
Further characterization is given in the Experimental Section. 



table ii : Paper Chromatography and Paper Electrophoresis of Oligonucleotides. 















d-TpG* . 


0.24 


0.42 


0.51 




0.39 (UpG) 


d-Tp(Et)G 


0.51 


0.70 


0.67 


0.65 


-0.21 (dpT) 


d-Tp(Et)GpG 


0.061 


0.36 


0.47 




0.29 (dpG) 


d-TpGpG 6 


0.037 


0.22 


0.32 




0 .70 (dpG) 


d-Tp(Et)Gp(Et)G 


0.29 


0.63 


0.60 


0.45 


-0 .17 (dpT) 


d-GpGpT 0 


0-033 


0 18 


0.34 




0 .66 (dpT) 


d-Tp(Et)T 








0.78 


0.00 (dpT) 


d-Tp(Et)TpC 


0.23 


0.45 


0.56 


0.39 


0.45 (dpT) 


d-Tp(Et)Tp(Et)C 


0.34 


0.67 


0.66 


0.43 


0.10 (dpT) 


d-Tp(£t)Tp(Et)CpA 


0.16 


0.40 


0.56 


0.27 


0.23 (dpT) 


d-Tp(Et)Tp(Et)Cp(Et)A 


0.26 


0.54 


0.63 


0.31 


0.07 (dpT) 


d-TpTpCpA tf 






0.37 


0.07 


0.57 (dpA) 



* Mobility relative to the indicated nucleoside 5 '-phosphate at pH 8.5. The negative sign indicates that the compound moved 
toward the cathode, probably due to solvent movement. h Similar chromatographic mobilities were observed by Ohtsuka et al.. 
(1972) using solvent systems A and F, and by Caruthers et al. CI 972) using solvent system F. * The chromatographic and electro- 
phorctic mobilities of this compound are similar to those of d-TpGpG. Further characterization is given in the Experimental 
Section, "The chromatographic mobility of this compound was similar to that of d*TpTpApC (Ohtsuka and Khormna, 1967). 
Further characterization is given in the text. 



nine-containing oligomers. 

The 3'-0-isobutyryl protecting group was selectively re- 
moved by treatment with aqueous sodium hydroxide solu- 
tion. The oligonucleotide chain was then extended by addi- 
tion of d-pG iB OiB. The resulting dicsccr-triesler intermedi- 
ate, d - M MTrTp( Et )G 1 B pG' B 0 i B, was readily purified by 
silica gel column chromatography. Ethylation then gave the 
fully protected phosphoiriesier which was also purified by 
silica gel column chromatography. The protecting groups 
were removed by hydrolysis in concentrated ammonium hy- 
droxide solution followed by treatment with 80% acetic 
acid. The resulting d-Tp(Et)Gp(Et)G was purified by pre- 
parative paper chromatography. An analogous stepwise 
synthetic procedure was followed in the preparation of d- 
Tp(Et)Tp(Et)Cp(Et)A (Scheme II). The resulting oligonu- 
cleotide triesters are obtained as a mixture of diastcroisom- 
ers (Miller et aL 1971). No attempt was made to separate 



the diastereomcrs. 

During the syntheses, protecting groups were removed 
from samples of the various protected triester intermediates 
and the products were further characterized. For example, 
d-MMTrTp(Et)G iB OiB gave d-Tp(Et)G. This triester has 
ultraviolet (uv) spectral characteristics identical with those 
of d-TpG (Table I) and behaves as a neutral molecule on 
paper chromatography and paper electrophoresis (Table 
II). In addition, d-Tp(Et)G is resistant to hydrolysis by 
both spleen and Snake venom phosphodiesterase enzymes. 
Removal of protecting groups from the tricstcr-dicster in- 
termediates, d-MMTrTpfEOG'BpG^OiB and d- 
M MTrTp(Et)Tp(Et)C Art pA B *OAc, gave d-Tp(Et)GpG 
and d-Tp(Et)Tp(Et)CpA, respectively. These oligomers 
have uv spectral characteristics similar to those of the dicst- 
crs d-TpGpG and d-TpTpCpA (Table I). Their paper elcc- 
trophorctic mobilities indicated that these oligomers con- 
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table in : Tritium-Labeled Oligodeoxyribonucleotides. 



Unit 



Sp Act. % Ex- 
(Ci/moiy 1 change 



[ WTp(Et)Gp(Et)G 1 , 34 X 10« 

['H]d-TpGpG 107 X 10* 

[>H]d-Tp(Et)Tp(Et)Cp(Et)A 2.67 X 10» 
[»H ]d-TpTpC pA 1 86 X 10^_ 

• Counting efficiency, 38%. 



45 
41 
11 

7.6 



52 
49 
26 
18 



tain only one charge (Table II)- Treatment of d- 
Tp(EOGpG~with_snake venom phosphodiesterase, an exo- 
nuclcase which requires a free 3'-hydroxyl group and pro- 
ceeds in a 3' to 5' direction, gave d-Tp(Et)G and d-pG a$ 
products. Similar treatment of d-Tp(Et)Tp(£t)CpA gave 
d-Tp(Et)Tp(Et)C and d-pA. Both oligomers were resistant 
to hydrolysis by spleen phosphodiesterase^ an exonucleasc 
which requires a free S'-hydroxyl group and proceeds in a 5' 
to 3' direction. 

In general the oligonucleotide ethyl phosphotriesters are 
stable to hydrolysis in neutral aqueous solutions and have 
been stored for periods of months under these conditions. 
The ethyl phosphotri ester linkage is stable in 0.1 M hydro- 
chloric acid and in 0.1 M sodium hydroxide solutions for at 
least 24 hr at 28°. In addition, this tricster linkage was 
found to be stable to hydrolysis in concentrated ammonium 
hydroxide solutions for at least 2 days and in I M sodium 
hydroxide for 10 min at room temperature. These various 
pH conditions arc often encountered in deprotecting oligo- 
nucleotides during synthetic reactions. 

While the triestcr linkage is resistant to snake venom and 
spleen phosphodiesterase, Dudman and Zerncr (1973) re- 
cently reported a phosphotriesterase activity in mammalian 
sera, Wc found that oligonucleotide phosphotriesters arc 
completely stable to hydrolysis when incubated in 10% fetal 
calf serum or 10% human cord scrum at 37° for up to 139 
hr Under the same conditions the corresponding oligonu- 
cleotide dicsters arc hydrolyzcd to their component mono- 
mers. The stability of the phosphotriesters under these con- 



ditions allows them to be used in biological studies on mam- 
malian cells in culture. 

Interaction of Oligonucleotide Triesters with tRJVA. The 
interaction of the oligonucleotide triesters with tRNA phe 
from yeast and £, coli was studied by equilibrium dialysis 
techniques. These studies required that the triesters contain 
a tritium label of relatively high specific activity. The tries- 
ters, d-Tp(Et)Gp(Et)G and d-Tp(Et)Tp(Et)Cp(Et)A, and 
the corresponding dicsters were labeled by heating the oli- 
gomers in tritiatcd water at 90° to exchange the H-8 proton 
in the purine ring (Ts'o ct aL 1969). After removal of ex- 
cess tritiated water by lyophilization, the labeled oligomers 
were purified by paper chromatography. As shown in Table 
III, this procedure gave oligomers of sufficiently high spe- 
cific activity for use in the dialysis experiments. 

The results of experiments measuring the interaction of 
the oligodeoxyribonucleotide triesters and their parent 
diesters with tRNA^yem and tRNA phc co /( arc presented 
in Table IV. These studies were carried out at 0° in a buffer 
containing 10 mM MgCl 2> 10 mM Tris (pH 7.5), and either 
1 m NaCl or 0.1 M NaCl. The latter condition approxi- 
mates the ionic strength conditions used in the in vitro ami* 
noacylation of tRNA. The tRN A concentration was 40 ^m. 
The association constants were determined directly by mea- 
surement of the ratio of tritium counts found on each side of 
the dialysis membrane as described by Uhlenbeck (1972). 
In the case of d-GpGpT, which did not contain a radioac- 
tive label, the binding constants to tRNA phe were deter- 
mined by competition with GpGpU (Uhlenbeck, 1972). 
Competition studies with GpGpU were also carried out for 
the oligomers d-Tp(Et)Gp(Et)G and d-TpGpG. The same 
results were obtained as those obtained by direct measure- 
ment. 

For purposes of comparison, the ribooligonucleotides 
UpUpC, UpUpCpA, GpGpU. and UpGpG were also syn- 
thesized and their association constants to tRNA ph %casi 
were measured. Similar measurements on the binding of 
these oligoribonucleotidcs to tRNA^V*" havc becn mfldc 
independently by Pongs tx aL (1973) and by Cameron and 
Uhlenbeck (1973). Their studies were carried out under es- 
sentially the same conditions of salt concentration, tempera- 
ture, and tRNA concentration as the present investigation. 



table jv : Binding of Oligomers to tRNA^W and tRN A»**, t at 0° . 



tRNA^W; iMNaCl- 



d-Tp(Et)Tp(Et)Cp(Et)A 

d-TpTpCpA 

d-Tp(Et)Gp(£t)G 

d-TpGpG 

d-GpGpT 

UpUpC 

UpUpCpA 

UpGpG 
GpGpU 



3,000 
2,200 
2,400 
600 
12,900 6 

1,600(2,000)' 
48,000 (75,000)* 
(13 ,700)* 
4,800(4,500)* 
224,000 (30,000)° 
(117,000)* 



ATCm- 1 ) 



tRNA pho ««; 1 m 
NaCT 



3,600 
2,400 
1,700 
1,100 

12,000° 
2 T 000 

48,500 

7,300 
219,000 



tRNA ph *»n! 0.1 M 
NaCl a 

2,400 

1.300 

2,000 
500 
11,200* 

2,300 
45,000 

4,900 
204.000 



^^toSri 10 mM MgClHO m M Tris (pH 7.5). > Measured by competition with GpGpU. ■ Pongs « aL 1973. 
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While the results are basically similar to each other there 
are some discrepancies in the association constants mea- 
sured for UpUpCpA and GpCpU in the three studies. The 
different values obtained may reflect differences In the state 
of purity or the conformational state of the tRNAs used in 
these three studies. 

The results in Table IV show that the oligodcoxyribonu- 
cicoiide phosphotriesters form complexes' with both 
tRNA phc ye ^i and tRNA p,u v 0 //, Indeed the association con- 
stants observed for d-Tp(Et)Gp(Et)G and d-Tp(Et)T- 
p(Et)Cp(Et)A arc slightly higher than those of the corre- 
sponding parent diesters, d-TpGpG and d-TpTpCpA. Thus, 
aJkylaiion of the sugar-phosphate backbone does not inter- 
fere with binding of the triesters to the tRNA. These results 
are similar to those of our previous study' on the 2U.1A 
complexes formed between poly(U) and phosphotriestcr de- 
rivatives of d-ApA (Miller et aL, 1971). Complexes of 
poly(U) with d-Ap(Et)A and d-Ap(Me)A have higher 
melting temperatures than the complex formed with d- 
ApA. 

A significant difference is observed between the associa- 
tion constants for the oligoribonucleotides and the analo- 
gous oligodeoxyribonucleotides. The association constants 
of the oligoribonucleotides are eight to twenty times larger 
than those of the oligodeoxyribonucleotides. This difference 
may reflect the difference in conformations of the oligori- 
bonucleotides vs. the conformations of the oligodeoxyri- 
bonucleotides. Our laboratory has previously shown 
(Kondo iff aL, 1972) for the purinc-containing dimcrs, d- 
ApA and ApA, that the extent of base- base overlap in the 
deoxydimer is much greater than that in the ribodimer. In 
addition, the extent of base-base overlap in a stacked dirner 
is much greater than that in a 10- to 1 1 -fold helix. Thus in 
the present series, the deoxyoligomcrs must first reduce the 
extent of base-base overlap before they are in a suitable 
conformation to hydrogen bond with their complementary 
region of the tRNA. Compared to the corresponding ribool- 
igomers, which have a lesser extent of base-base overlap in 
their stacking mode, the complexes formed with the dcoxy- 
oligomers would have a lower stability than the complexes 
formed with ribooligomcrs. A more rigorous discussion of 
this subject was presented in a recent paper concerning the 
effects of C-2' substituents on polynucleotide conformation 
(Alderfer et at. t 1974). Therefore the association constant 
would also be expected to be lower for the oligodeoxyri- 
bonucleotide triester, since ihcir conformations and extents 
of stacking arc very similar to those of the corresponding ol- 
igodeoxyribonucleotide diesters (Miller et aL, 1971). 

Table IV shows that the association constants for the var- 
ious oligomers to both tRNA Phc ye <m and tRNA" 1 ^/; are 
similar. Since these oligomers serve as probes of the secon- 



dary structure of the anticodon and 3'-ApCpCpA-OH ter- 
minus of tRNAs in these binding studies (Ublenbeck ex 
aL. 1970), our results suggest that these regions in 
tRNA^ycait and tRNA Phe ^/,- have very similar conforma- 
tions. 

The specificity of binding was investigated by studying 
the interaction of the triester oligomers with modified 
tRNA ph * yea « and with crude tRNA„//. The tRNA Phc ycasl 
was modified by treatment with dilute hydrochloric acid to 
remove the Y base from the anticodon loop (Thiebe and 
Zachau, 1970). The tRNA™*^ was also modified by 
treatment with snake venom phosphodiesterase to remove 
the 3'-CpA residues from the amino acid accepting termi- 
nus (Simsck et aL 1973). Recently Cameron and Uhlen- 
beck (1973) and Pongs and RcinwaJd (1973) have demon- 
strated that removal of the Y base from tRNA^y^ caus- 
es a seven- to eightfold reduction in the association constant 
of UpUpCpA for the modified tRNA. As shown in Tabic 
V, we observe five- and sixfold reduction in the binding of 
d-Tp(Et)Tp(Et)Cp(Et)A and UpUpCpA, respectively, to 
tRNA Phe y ea*i - V. It is interesting to note that the binding 
of d-Tp(Et)Gp(Et)G and UpGpG to this tRNA was also 
decreased slightly. 

The association of d-Tp(Et)Gp(Et)G and UpGpG with 
snake venom phosphodiesterase treated tRNA Phe ycas[ was 
reduced 14- and 19-fold, respectively, when compared to 
binding with intact tRNA Phe ycasl . The small amount of re- 
sidual binding observed may be due to binding to some 
tRNA molecules from which only the terminal A residue 
has been removed. A reduction in the binding of d- 
Tp(Et)Tp(Et)Cp(Et)A and UpUpCpA to this modified 
tRNA was also observed. 

The results of these experiments indicate that removal of 
the Y base not only disrupts binding of the oligomers to the 
anticodon region, but also affects binding at the more re- 
mote 3' terminus. Similarly! removal of the 3'-CpA residues 
not only eliminates binding of the oligomers complementary 
to this region, but also reduces the binding constants of oli- 
gomers complementary to the anticodon region. This effect 
may result from a conformational change in the entire 
tRNA molecule induced by removal of the Y base or the 
3'-CpA terminus. 

The triester d-Tp(Et)Tp(Et)Cp(Et)A is complementary 
to the anticodon region of tRNA Ph< \ while the triester d- 
Tp(Et)Gp(Et)G is complementary to the 3'-CpCpA termi- 
nus, a sequence common co all tRNAs. Therefore, the ap- 
parent association constants for binding of d-Tp(Et)T- 
p(Et)Cp(Et)A should be greatly reduced if a crude mixture 
of tRNAs is used instead of pure tRNA plM \ However, the 
magnitude of binding of d-Tp(Et)Gp(Et)G to crude tRNA 
should be similar to the association constant for binding to 



table v : Binding of Oligomers to Modified tRNAs. a 



tRNA^V, Ht IRNA^.^ - Y tRNA PK Vwt - CA 



d-Tp(Et)Tp(Et)Cp(Et)A 
UpUpCpA 
d-Tp(Et)Gp(Et)G 
UpGpG 



3,000 
48,000 
2,400 
4,800 



600 
8200 
1200 
3400 



900 
29, t00 
170 
250 



* 1 m NaCl, 10 him MgCl,, 10 itim Tris (pH 7.5) ; 0° ; tRNA concentration 40 mm. h Unf ractionatcd . 



tRNAeoK* 



300 
1100 
2400 
9900 
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tRNA Phe . The results of binding experiments using a mix- 
lure of crude iRNA from E, coli are shown in Table V. 
This mixture contains approximately 3.4% tRNA Hw as de- 
termined by aminoacylation with phenylalanine. The appar- 
ent binding constants of d-Tp(Et)Tp(Et)Cp(Et) A and Up- 
UpCpA to crude tRNA,o/; are greatly reduced compared to 
their binding to tRNA^W (sec Table IV). As predicted, 
the binding constants of d-Tp(Et)Gp(Et)G and UpGpG to 
the crude lRNA f0 // are almost the same as those obtained 
for binding to tRNA ph %o// (Tabic IV). The above results 
(Table V) demonstrate that d-Tp(Et)Tp(Et)Cp(Et)A binds 
specifically with the anticodon region of tRNA Hhe while d- 
Tp(Et)Gp(Et)G interacts specifically with the 3'-CpCpA 
terminus of all tRNA. This specificity of interaction is fur- 
ther demonstrated by the aminoacylation experiments de- 
scribed in the following paper (Barrett et al> 1974). 

The association constants for binding of the triesters d* 
Tp(Et)Gp(Et)G and d-Tp(Et)Tp(Et)Cp(Et)A to 

tRNA Phc ycu*i show littlc or n0 cnan 8 e wnen lhc sait concen - 
tration is reduced from I M NaCl with Mg 2+ to 0.1 M 
NaCl without Mg 2+ (Table VI). In contrast, the association 
constants of the dicsiers, d-TpTpCpA, UpUpCpA, and 
UpGpG, are significantly reduced when the salt concentra- 
tion is lowered, A similar effect on the magnitude of the as- 
sociation constant for binding of UpApCpA to iRNA T > r ™// 
in 1 mM EDTA-10 mM Na : HPO* at 0° was reported 
when the sodium chloride concentration was decreased 
from 1.5 to 0.2 M (Uhlenbeck, 1972). This decrease in 
binding is attributed to an increase in charge repulsion be- 
tween the negatively charged sugar- phosphate backbone of 
the oligonucleotide diester and the tRNA as the ionic 
strength of the solution is lowered. Since the oligonucleotide 
triesters are neutral molecules, such charge repulsion is 
eliminated and changes in ionic strength do not significant- 
ly affect the binding constants. 

The stability of the oligodeoxyribonucleotidc triesters 
and their ability to form specific complexes with comple- 
mentary regions of tRNA make these compounds attractive 
candidates as probes of the structure and function relation- 
ships of nucleic acid, both in vitro and in living cells. The 
effect of these triesters on the in vitro aminoacylation of 
tRNA is the subject of the following paper (Barrett et aL 
1974). 

Experimental Section 

Chemical Synthesis ofOligodeoxyribonucieotides and 
Oil godeoxy ribonucleotide Phosphotriesters 

General. The dcoxynuclcosidcs and dcoxy nucleoside 5'- 
phosphates obtained commercially were checked for punly 
by paper chromatography. 5'-0- Mono-p- mcthoxytntyl- 
thymidine (Schaller el aL 1965), 3^0-ac^tylthymidine 
5'-phosphate (Khorana and Viasolyi, 1961), JV-.O 3 -dnso- 
butyryldcoxyguanosine 5'-phosphate (Weber and Khorana, 
1 972) A^-p-anisoylO'-O-acetyldeoxycytidine 5'-phos- 
phatc^Schaller and Khorana, 1963), and N 6 - benzoyl- 3'- 
O-acetyldeoxyadenosine S'-phosphale (Weiman et aL 
1963) were prepared by methods described in the literature. 
•> 4 6-Trimethylbcn7.encsulfonyl chloride ( Me 3 Ph$Cl) 
from Aldrich Chemical Co. and p- toluenes uUony I chloride 
(TosCl) 1 from Eastman Chemical Co. were each recrystaU 
lized from pentanc before use. Anhydrous pyridine and 
/^yv-dimethylformamide were prepared according w Mil- 
ler iff aL (197 1). Anhydrous ethanol was prepared by distil- 
lation from magnesium ethoxide (Shirley. 1951) onto mo- 



table vi : Effect of Salt Concentration on the Binding of Oligo- 
mers to iRNA Ph W at 0°. ft 



1 m NaCl- 
10 mM MgG* 



0.1 m NaCl- 
1 mM EDTA 



d.Tp(Et)Tp(£t)Cp(Et)A 

d-Tp(Et)Gp(Et)G 

d-TpTpCpA 

UpUpCpA 

UpGpG 



3,000 
2,400 
2,200 
48,000 
4,800 



3.400 
2,500 
0 

14 f 800 
800 



0 Each buffer contained 10 mM Tris (pH 7.5). The tRNA con- 
centration was 40jiM. 

lccular sieves (Linde Type 3A). 2,6-Luiidine was dried over 
molecular sieves. 

Descending paper chromatography was performed on 
Whatman No. 3 MM paper using the following solvent sys- 
tems: solvent A. 2 -propanol-concen crated ammonium hy- 
droxide-water (7:1:2, v/v); solvent C. 1 M ammonium ace- 
tatc-95% ethanol (3:7, v/v; pH 1.5); solvent F, 1-pTopanol- 
concentrated ammonium hydroxide-water (50:10:35, v/v); 
solvent I, 2-propanol-water (7:3, v/v). Paper electrophore- 
sis was carried out on a Savant flat plate apparatus using 
0.05 M triethylammonium bicarbonate as buffer (pH 8.5) 
at a voltage of 40 V/cm for 45 min. Ultraviolet spectra 
were recorded on a Cary 14 uv spectrophotometer. Unless 
otherwise noted, all reactions and operations were carried 
out at room temperature. 

General Condensation Procedure. The protected nucleo- 
side or the pyridinium salts of the oligonucleotide and pro- 
tected nucleoside S'-phosphate were dried by repeated evap- 
orations with anhydrous pyridine. The resulting gum was 
dissolved in dry pyridine: the solution was cooled to 0°; 
mesitylenesulfonyl chloride was added and the reaction 
mixture was kept in the dark at room temperature. These 
operations were carried out in a dry nitrogen atmosphere. 
The reaction was terminated by addition of an equal volume 
of water at 0°, and, after storage (usually overnight) at 
room temperature, the reaction mixture was diluted with 
water and the products were purified by extraction and col- 
umn chromatography. The isolated products were precipi- 
tated either from pyridine solution by dropwisc addition to 
anhydrous ether for the dicsters or from tetrahydrofu ran so- 
lution by addition to hexane for the triesters. The precipi- 
tates were collected by centrifugation, thoroughly washed 
with solvent, and dried under vacuum to give amorphous, 
white powders. The spectral characteristics of the protected 
oligomers arc given in Table VII. 

General Ethytation Procedure. The protected oligomer 
diester was made anhydrous by repeated evaporation with 
anhydrous pyridine and the residue was dissolved in a solu- 
tion containing tf.^-dimcthylformamidc and 2,6-lutidinc. 
Ethanol and p-toluenesuifonyl chloride (TosCl) were added 
at 0° and after 1 hr at room temperature an additional 
amount of ethanol and TosCl was added. These operations 
were carried out in a dry nitrogen atmosphere. The reaction 
was terminated after 2 hr total time by addition of water. 
'The solvents were evaporated with frequent additions of 
50% chloroform-methanol to aid in the removal of the di- 
methylformamide, and the residue was dissolved in chloro- 
form. After extraction with water, the chloroform solution 
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ta^le vu: Spectral Characteristics of Protected Oligonucleotides aadTriesiers in Methanol. 





X_ A _ fnm) 


'Mm ft \n.rnj 




d-MMTrTpG iB OiB 


260, 230 (s), 277 (s) 


234 


144 


d-MMTrTpG iB * 


260, 233 (s), 277 (s) 


243 


1.40 


d-MMTrTp(Et)G 1B OiB 


237, 263, 255 (s), 280 (s) 


227, 243 


1.38 


d-MMTrTp(Et)G iB 


234, 262, 255 (s), 280 (.s) 


226, 243 


1.34 


d-MMTrTp(£t)G iB pG iB OiB 


233, 258, 277 (s) 


227, 238 


1-41 


d-MMTrTp(Et)G 1B p(Et)G iB OiB 


258, 237, 280 <s) 


227 


1.40 


d-MMTrTp(Et)TOAc 


267, 225 (s) 


240 




d-MMTrTp(Et)TpC* h OAc 


270, 305 (s) 


242 


1 .00 


d.MMTrTp(Et)Tp(Et)C Att OAc 


270, 305 (s) 


243 


0.95 


d-MMTrTp(Et)Tp( Et)C A "p A Bs OAc 


278, 315 (s) 


245 




d-M M TrTp( Et)Tp(Et)C A n pf Et) A fl2 0 Ac* 


278, 315 (s) 


244 


0.79 



tt Similar spectral properties were observed by Caruthers et al. (1972). 6 The spectral properties of this compound are similar to 
those of d-MMTrTpTpA Bl pC An (Ohtsuica and Khorana, 1967), 



was dried over anhydrous sodium sulfate. The solution was 
then concentrated and the products were isolated by silica 
gel column chromatography. The products were precipitat- 
ed from a tctr&hydrofuran solution by addition to hexane. 
The spectral characteristics of the protected oligonucleotide 
tricstcrs are presented in Table VII. 

Removal of Protecting Groups. The 3 r -0- protected oli- 
gomer was dissolved in 50% cthanol-pyridinc and treated 
with an equal volume of 2 N sodium hydroxide for 7 min at 
-5° (3'-0-isobutyryl group) or 15 min at room tempera- 
ture (3 '-O' acetyl group). The reaction mixture was then 
neutralized with pyridinium Dowcx 50X resin. The resin 
was filtered and thoroughly washed with 50% cthanol-pyri- 
dinc and the combined filtrate and washings were evapo- 
rated. The products were isolated by precipitation. 

For complete removal of protecting groups, the protected 
oligomer was first treated with 60% concentrated ammo- 
nium hydroxide in pyridine for 2-3 days. After evaporation 
of solvents the residue was treated with 80% acetic acid for 
3-6 hr. The acetic acid was removed by evaporation. Spec- 
tral characteristics and mobilities on paper chromatography 
and paper electrophoresis of deblocked oligomers are pre* 
sented in Tables I and II, respectively. 

Hydrolysis with Snake Venom and Spleen Phosphodies- 
terase. The previously published procedure (Miller el at,. 
1971) was followed. 

Preparation of d~MMTrTpG iB OiB and d-TpG. d- 
MIvfTrT (5.15 g, 10 mmol) and d-pG iB OiB (6.25 g, II 
mmol) were allowed to react for 4 hr in 50 ml of pyridine 
containing MejPhsCl (5.26 g, 24 mmol). After overnight 
aqueous pyridine treatment, the reaction mixture dissolved 
in water (200 ml) was extracted with ether (2 X 600 ml). 
Additional water (700 ml) was added and the solution was 
extracted with 1-butanol (2 X 750 ml). The combined buta- 
nol extracts were evaporated and product, d-MMTrTp- 
G iB OiB, was precipitated from pyridine (120 ml) by addi- 
tion to ether (2 I.); weight 9.4 g (88%): silica gel tic, R h > 
(20% MeOH-'CHClj) 0,34, The oligomer had the same 
spectral characteristics as those reported for d- 
MMTrTpG iB (Caruthers et al. 1972). Removal of the pro- 
tecting groups from a 54-mg sample gave d-TpG, which 
had similar Rf values to d-TpG prepared previously by a 
different route (Ohtsuka et al„ 1 972). The dimer was com- 
pletely digested to d-T and d-pG by snake venom phospho- 
diesterase. 



Preparation of d-TpGpG. d-MMTrTpG i9 OiB (198 mg, 
0-186 mmol) was treated with I m NaOH in 4 ml of 50% 
pyridine-ethanoi for 7 min at -5°. The product, d- 
MlvTTrTpG iB , obtained after precipitation weighed 165 mg 
(89%) and had spectral properties similar to those of pre- 
viously prepared material (Caruthers et al., 1972): silica 
gel tic, R r (20% MeOH-CHCl 3 ) 0.04. 

d-MMTrTpG IB (155 mg, 0.156 mmol) aiid d-pG iB OiB 
(226 mg, 0.4 mmol) were allowed to react for 4 hr in 1 ml 
of pyridine containing Mc 3 PhsCl (175 mg. 0.8 mmol) and 
then treated overnight with aqueous pyridine. The reaction 
mixture dissolved in water (14 ml) was extracted with 1- 
butanoi (2 X 15 ml) and the combined butanol extracts 
were extracted with water (2X15 ml) and evaporated. The 
protecting groups were removed and the residue, after ex- 
traction with ether, was dissolved in 100 ml of 10% cthanol 
and applied to a DEAE-cellulose column in the bicarbonate 
form. The column was eluted with a linear gradient (0.0- 
0.25 M. 4 1. total) of triethylammonium bicarbonate in 10% 
ethanol. Fractions containing d-TpGpG were pooled and 
the product was isolated by evaporation and lyophilization: 
weight 112 mg (65%); chromatographic mobility identical 
with previously prepared d-TpGpG (Ohtsuka et aL. 1972). 
Hydrolysis with snake venom phosphodiesterase gave d-T 
and d-pG. 

Preparation of d-MMTrTp(Et)G s * and d-Tp(£t)G. d- 
MMTrTpG' B OiBu (8.0 g. 7.52 mmol) was ethylared in 
yv.7V-dimethylformamide (75 ml), 2,6-lutidine (8.25 ml), 
and Af-methylimidazoie (6.0 ml) using two (IS ml) charges 
of ethanol and 2 (14.2 g) charges of TosCl, After work-up, 
the residue, dissolved in chloroform (750 ml), was extracted 
with water (750 ml). The product was isolated by silica gel 
chromatography (5 X 50 cm) using ethyl acetate and 5% 
methanol in tetrahydrofuran as solvents, followed by pre- 
cipitation from hexane: weight 3.8 g (51%); silica gel tic. R F 
(10% MeOH-CHCl 3 ) 0.49, trace fluorescent contaminant 
Rf 0.52. The 3 '-Q- protecting group was removed by treat- 
ment with 1 M sodium hydroxide in 60 ml of 50% cthanol- 
pyridinc for 7 min at —5*. After work-up, pure d- 
MMTrTp(Et)G iB was isolated by silica gel chromatogra- 
phy (3.2 X 50 cm) using 5% methanol -chloroform and 20% 
mcthanol-chloroform as solvents; weight 3.0 g (74%): silica 
gel tic, R F (20% MeOH-CHCl 3 ) 0.47, 

The protecting groups were removed from a 71 -mg sam- 
ple. The resulting d-Tp(Et)G was purified by paper chro- 
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matography using solvent ! and was isolated by precipita- 
tion with ether, weight 24 mg (53%). The triester was resis- 
tant to hydrolysis by snake venom and spleen phosphodics- 
t erase* 

Preparation of d-MM Tr Tp(Et) G iB pG tB OiB and d- 
TpfEtJGpG- d-MM7VTp(Et)G iB (3.0 g, 3.18 mmol) and 
d-pG iB OiB (3.3 g, 6.0 mmol) were allowed to react for 4 hr 
in pyridine (15 ml) containing Me 3 PhsCl (2.63 g, 12 
mmol). Following aqueous pyridine treatment, the aqueous 
solution (210 ml) was extracted with l-butanol (2 X 240 
ml). The combined butanol extracts were extracted with 
water (2 X 250 ml) and evaporated, and the residue was 
chromatographed on a silica gel column (3.5 X 50 cm). The 
column was cluted with 10% methanol in chloroform (2 1.) 
JbUowed by 20% methanol in chloroform (3 1.). Fractions 
were obtained which contained the desired d-MMTrTp- 
(Et)G iB pG i8 OiB as well as some detriylated material, d- 
Tp(Et)G iB pG iB OiB. The total material from these fractions 
was treated with 428 mg (1.3 mmol) of monomethoxytrityl 
chloride in pyridine (3 ml) for 21 hr followed by 95% etna- 
nol (2 ml) for 2 hr. The solvents were evaporated and the 
desired d-MMTrTp(Et)G iB pG 1B OiB was isolated by precip- 
itation with ether; weight 2.39 g (50%); silica gel tic R F 
(20% MeOH-CHClj) 0.13; R F (30% McOH^CHCl 3 ) 
0.47. 

The protecting groups were removed from a 25-mg sam- 
ple and the resulting d-Tp(Et)GpG was isolated after paper 
chromatography using solvent F. Incubation with snake 
venom phosphodiesterase (16 hr, 37°) gave d-Tp(Et)GpG, 
dpG, and d-Tp(Et)G. The oligomer was resistant to hydrol- 
ysis by spleen phosphodiesterase. 

Preparation of d*MMTrTp(Et)G iB p(£t)G iB OiB and d- 
Tp(Et)Gp(£t)G. d-MMTrTp( Et)G iB pG iB OiB (580 mg, 
0.39 mmol) was cthylated in yv,A/-dimethylformamide (8 
nil) and 2,6-lutidinc (4 ml) using 2 (4 ml) charges of etha- 
nol and 2 (1.55 g, 8 mmol) charges of TosCl. After work- 
up, a chloroform (40 ml) solution of the residue was ex- 
tracted with water (2 X 40 ml). The triester was purified by 
silica gel chromatography (2 X 30 cm) using chloroform 
(400 ml) and 10% methanol-chloroform (400 ml) as sol- 
vents. The resulting d-MMTrTp(Et)G iB p(Et)G iB OiB 
weighed 176 mg (31%); silica gel tic, R F (10% MeOH- 
CHCh) 0.29. 

The protecting groups were removed from a 160-mg sam- 
ple and the resulting d-Tp(Et)Gp(Et)G was purified by 
paper chromatography using solvent I; weight after precipi- 
tation with ether. 35 mg (33%). The triester was resistant to 
hydrolysis by snake venom phosphodiesterase. 

Preparation of d-GpGpT. d-MMTrG iB pG iB (0.2 mmol; 
Agarwal ei at.. 1972) was allowed to react with d-pTOAc 
(177 mg, 0.4 mmol) for 2.5 hr in pyridine (1 ml) containing 
MejPhsCl (175 mg. 0.8 mmol), followed by overnight aque- 
ous pyridine treatment. The reaction mixture in 14 ml of 
water was extracted with 2 (15 ml) portions of 1 -butanol, 
and the residue obtained after evaporation of the butanol 
was treated to remove protecting groups. Following extrac- 
tion with ether, the residue was applied to a DEAE-cclIu- 
losc column in the bicarbonate form and the column was 
elutcd with a linear gradient of triethylammonium bicar- 
bonate (0.0-0.50 M, 4 1. total). Fractions containing the de- 
sired d-GpGpT were pooled, evaporated, and lyophilized to 
give 14 mg (6%) of oligomer. Hydrolysis with snake venom 
phosphodiesterase gave d-G, dpG, and d-pT. 

Preparation of d-\fMTrTp(Et)TOAc. d-MMTr- 
TpTOAc (3.58 g, 4.0 mmol, prepared by condensation of 



d-MMTrT with d-pTOAc) was cthylated in JV.JV- dimcthyl- 
formamide (70 ml)-2,6-lutidine (35 ml) with 2 (35 ml) 
charges of cthanol and 2 (13.3 g, 70 mmol) charges of 
TosCl. Following work-up. a 200-ml chloroform solution of 
the residue was extracted with water (3 X 200 ml). The 
product was isolated by silica gel column chromatography 
(4 X 30 cm) using ether and tetrahydrofuran as solvents. 
The resulting d-M MTrTp(Et)TOAc was precipitated with 
hexane: weight 1.71 g (50%); silica gel tic, R F (EtOAc) 
0.18; Rf (THF) 0.59. The material was identical with ma- 
terial previously prepared by a different synthetic route 
(DeBocr tt aL, 1973). Removal of the protecting groups 
gave d-Tp(Et)T identical with an authentic sample (Miller 
etaL 1971). 

Preparation of d»MMTrTp(Et}TpC An OAc and d- 
Tp(Et)TpC. d-MMTrTp(Et)T (1.89 mmol), prepared by 
hydrolysis of d-MMTrTp(Et)TOAc (1.71 gi 1-89 mmol) 
with 1 M NaOH in 10 ml of 50% pyridine, was allowed to 
react with d-pC An OAc (1.13 g, 2.0 mmol) for 3 hr in 10 ml 
of pyridine containing Me 3 PhsCl (880 mg. 4 mmol). Fol- 
lowing aqueous pyridine treatment, the reaction mixture in 
100 ml of water was extracted with l-butanol (2 X 100 ml). 
The residue obtained after evaporation of the butanol was 
chromatographed on a silica gel column (2 X 40 cm) using 
500 ml of ethyl acetate, 1 1. of tetrahydrofuran, and 20% 
methanol in chloroform, which eluted the product. The re- 
sulting d-MMTrTp(Et)TpC An OAc, which was precipitated 
from pyridine by addition to ether, weighed 1.33 g (51%); 
silica gel tic, R F (THF) 0.07, R F (20% McOH-CHCl 3 ) 
0.42. A sample of the material was treated to remove pro- 
tecting groups and the resulting d-Tp(Et)TpC was purified 
by paper chromatography using solvent I. Hydrolysis with 
snake venom phosphodiesterase gave d-Tp(Et)T and d-pC. 
The trimer was resistant to hydrolysis by spleen phosphodi- 
esterase. 

Preparation of d-MMTrTp(Et\ Tp( Et) C An OAc and d- 
Tp(Et)Tp(Et)C. d-MMTrTp(Et)TpC An OAc (1.23 g, 0.9 
mmol) was cthylated in a solution of AAJV- dimethyl forma- 
mide (18 ml)-2.6-l uridine (9 ml) using 2 (9 ml) charges of 
cthanol and 2 (3.4 g, 18 mmol) charges of TosCl. After 
work-up, the residue in chloroform (50 ml) was extracted 
with water (2 X 50 ml) and dried over anhydrous sodium 
sulfate. Column chromatography on silica gel (2 X 35 cm) 
using ether (350 ml), tetrahydrofuran (500 ml), and 20% 
methanol in chloroform (150 mi) gave, after precipitation 
with hexane, d-MMTrTp(Et)Tp(Et)C An OAc; 3.93 g 
(32%); silica gel tic. R F (THF) 0.45, R F (20% MeOH- 
CHCl 3 ) 0.70, 

The protecting groups were removed from a 20-rng sam- 
ple and the resulting d-Tp(Et)Tp(Et)C was purified by 
paper chromatography using solvent I. The triester was re- 
sistant to hydrolysis by snake venom and spleen phosphodi- 
esterase. , 

Preparation of d-MMTrTp(Et)Tp<Et)C A *pA* s OAc and 
d.Tp(EtlTp(Et)CpA. The 3'-acetyl group was removed 
from d-MMTrTp(Et)Tp(Et)C An OAc (366 mg, 0.27 mmol) 
by hydrolysis with 1 M NaOH in 50% pyridine for 15 mm. 
Following work-up and isolation by precipitation from hex- 
ane, 350 mg (97%) of d-MMTrTp(Et)Tp(Et)C An was ob- 
tained; silica gel tic. R F (THF) 0.33; Rf (20% MeOH- 
CHCh) 0.42. The triester was condensed with d-pA B *OAc 
(166 mg, 0.3 mmol) for 3.5 hr in pyridine (2 ml) containing 
IvTe 3 PhsCl (132 mg, 0.6 mmol). Following aqueous pyridine 
treatment, the solution was diluted with waLer (50 ml) and 
the product was extracted into l-butanol (3 X 50 ml). Col- 
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umn chromatography on silica gel (2x21 cm) using other 
(150 ml), tetrahydrofuran (400 ml), and 20% methanol- 
chloroform (200 ml) gave d-MMTrTp(Et)Tp(Ei)C Au p- 
A Bx OAc (295 mg, 60%) after precipitation with hcxanc; sil- 
ica gel tic, R F (THF) 0.03; R F (20% MeOH-CHCl 3 ) 0.40. 

The protecting groups were removed from a 10-mg sam- 
ple and Ihc resulting d-Tp(Et)Tp(Et)CpA was purified by 
paper chromatography using solvent I. Hydrolysis with 
snake venom phosphodiesterase gave d-Tp(Ec)Tp(Et)C and 
d-pA. The tetramer was resistant to hydrolysis by spleen 
phosphodiesterase. 

Preparation of d-MMTrTp(Et)Tp(Ei)C An p(Et)A An OAc 
and d*Tp(Et}Tp(Et)Cp(Et)A. d-MMTrTp(Et)Tp(Et)C Aft p- 
A B *OAc (285 mg, 0.155 mmol) was ethyl a ted in a solution 
containing TV^- dimethyl form amide (5 ml)-2,6-Iulidine 
(2.5 ml) with 2 (2.5 ml) charges of ethanol and 2 (0.95 g, 5 
mmol) charges of TosCl. After work-up, the residue in chlo- 
roform (100 ml) was extracted with water (2 X 1 00 ml) and 
chroma tog raphed on a silica gel column (2 X 30 cm) using 
ethyl acetaieJ300 mi), tetrahydrofuran (700 ml), and 20% 
methanor-chToroform (200 ml). d-lvflvtTrTp{Ei)Tp- 
(Et)C An p(Et)A B3£ OAc was isolated by precipitation into 
hexane: weight 182 mg (63%); silica gel tic, R F (THF) 
0.39, R t (20% McOH-CHCh) 0.73. 

The protecting groups were removed and the resulting d- 
Tp(Et)Tp(Et)Cp(Ec)A was purified by paper chromatogra- 
phy using solvent I. The tetramer was completely resistant 
to hydrolysis by snake venom and spleen phosphodiesterase. 

Preparation of d-TpTpCpA. d-DMTrTpT (J 00 mg, 0.1 
mmol: Narang and Khorana, 1965) and d-pC B, pA B7 OAc 
(55 mg, 0.25 mmol; prepared in a manner similar to that 
used for the preparation of d-pC An pA B *OAc: Weber and 
Khorana, 1972) were condensed for 4 hr in 3 ml of pyridine 
containing McjjPhsCI (66 mg. 0.3 mmol). After aqueous 
pyridine treatment the protecting groups were removed and 
the reaction mixture was chromatographed on a DEAE-ccl- 
lulosc column (2.5 X 40 cm) in the bicarbonate form using 
a linear gradient of tricthylammonium bicarbonate (0.05- 
0.30 M, 4 1. total). Tetramer which was contaminated with 
a small amount of d-pCpA was isolated and incubated with 
0.45 mg of alkaline phosphatase in 1 ml of 150 mM Tris 
(pH 8.2) for 4 hr at 37°. The digest, after extraction with 
chloroform-isoamyl alcohol (5:2, v/v), was chromato- 
graphed on a second DEAE-ccllulosc column (1.2 X 30 cm) 
using a linear tricthylammonium bicarbonate gradient 
(0.0-0.25 M, 2 1. total). The desired tetramer. d-TpTpCpA 
(750 >*26o units, 37%), was isolated and lyophilized. The 
oligomer was completely digested with snake venom phos- 
phodiesterase to give d-T, d-pT. d-pC, and d-pA. and with 
spleen phosphodiesterase to give d-Tp, d*Cp, and d-A. 

Equilibrium Dialysis Experiments 

y H -Labeled Oligodeoxyribonucleorides and Oligodeoxy- 
ribonucleotide Triesters. One to four milligrams of each of 
the oligomers was heated at 90° in a sealed tube with 100 m* 
of tritiatcd water (2.5 Ci/mmol). The adeninc-containing 
oligomers were heated for 3 hr while the guanine-contain- 
ing oligomers were heated for 5.5 hr. The oligomers were 
purified by paper chromatography using solvents C and 1. 
after lyophilizaiion from water several times to remove ex- 
changeable tritium. The results of the exchange reactions 
are presented in Tabic 111. 

3 H* Labeled Ribooligonucleotidex, 3 H- Labeled ribooli- 
gonuclcotidcs (sp act. 0,35-3.2 Ci/mmol) were prepared 
using primer dependent polynucleotide phosphorylasc as de- 



scribed by Uhlcnbcck et aL (1970). After purification by 
paper chromatography, the oligomers were characterized 
by digestion with RNasc T t or RNase A. 

Purified tRNAs. tRNA Phc co/( - was prepared by a three- 
step procedure: (1) fractionation of crude tRNA e(> /, on a 
BD-cellulose column (Roy and Soil, 1968); (2) acylation of 
the resulting tRNA Phc fraction and purification of Phe- 
tRNA Phc on BD-ccllulosc (GiLlam and Tener, 1971); (3) 
deacylation followed by reversed-phase chromatography of 
the tRNA 1 ** 18 on RPC 5 (Pearson et aL. 1971). The result- 
ing tRNA Phc had an amino acid acceptance activity of 1700 
pmol of phenylalanine/ /4 2co unit and was considered great- 
er than 90% pure. 

tRNA^yea* which accepted 1600 pmol of phenylala- 
nine/>f 260 unit was a generous gift from Professor Frieder- 
ich Cramer and was considered greater than 90% pure. The 
extinction coefficients used were: tRNA «i 5 n 5.43 X 
10 5 , tRNA^y^ € 2 5H 5.03 X 105 (Blum, 1971). " 

The Y base was removed from tRNA Phc yeQJt i using the 
procedure of Thiebe and Zachau (1970). After reaction, the 
reaction mixture was applied to a BD-ccllulosc column. The 
column was first eluted with 1.2 M NaCI-50 mM NaOAc 
(pH 5.0)- 10 mM MgClj which eluted tRNA Phc minus Y 
base, and then with 1.2 M NaCI-50 mM NaOAc (pH 
5.0)- 10 mM MgCl2 containing 15% ethanol, which eluted a 
small amount of unreacted tRNA^y^m. The 3'-CA termi- 
nus was removed from tRNA Phc ycasl following the method 
of Simsck et aL (1973). The reaction mixture was applied 
to a DEAE-cellulose column. The column was eluted with 
0.3 M NaCI-50 mM Tris-HCl (pH 8.0) which removed the 
snake venom phosphodiesterase and mononucleotides. The 
column was further eluted with 1 m NaCI-50 mM Tris-HCl 
(pH 8.0) which removed the tRN A. 

Dialysis Experiments. Dialysis experiments were carried 
out in 30- and 50-^1 Plexiglass chambers separated by a di- 
alysis membrane using the methods described by Uhlcnbcck 
(1972). Precautions were taken to prevent contamination by 
ribonuclcasc. tRN A solutions (40 pM) were introduced into 
side A and oligomer solutions (0.1-46 mM, final concentra- 
tion) into side B. After equilibration at 0° (from 4 to 14 
days), two (JO m0 samples from each side were each diluted 
with 100 mI of water and counted in 10 ml of 4% Biosolv- 
tolucne cocktail. For experiments where the oligomer con- 
centration was greater than 0.5 uM, K was calculated using 
the equation; K - (R ~ l)/(lRNA - [0]6). where [0]b 
= (cpm A - cpm B)/(cpm A + cpm B)[0] and [O] = the 
initial oligomer concentration (Hogenaucr, 1970). To en- 
sure attainment of equilibrium, experiments were checked 
on successive days until no further change in K was ob- 
served. 
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II II 

The enzymatic synthesis of the polyribonucleotide ApUp(ApUp) n 
tncraso is described. Snake venom and spleen phosphodiesterase degrod 
slow rate compared to poly r(A— U). The dinucleotide resulting from 
ribormclease is resistant to spleen phosphodiesterase. 



Marked changes in some properties of nucleotides 
are brought about by the replacement of the ->P = 0 
group by a -> P = S group. Nucleoside 6 # -phos- 
phorothioates, for example, are resistant to a number 
of phosphatases [1] and dinucleoside phosphorothio- 
ates are resistant to some diesterase [2,3]* 

It is of interest therefore, to ascertain whether 
polymers which contain thiophosphate linkages are 
also resistant to these diosterases. The synthesis of 
such polymers has been attempted enzymatically 
with DNA dependant RNA-pciymerase. 

MATERIALS AND METHODS 

UTPS was synthesized as described previously 
[4]; [^ClATP (specific activity 0.25 mC/mmole) and 
[ W C]UTP (specific activity 0-676 mC/mmole) were 
purchased from Schwarz Biorescarch, Inc. (Orange* 
burg, N. Y., U.S.A.). ATP, phosphoenolpynivato and 
pyruvate kinase were purchased from Boehringer 
& Soehne (Mannheim, Germany) ; TJTP was purchased 
from PL Biocbemicals.Ino. (Milwaukee, Wis.,U.S.A.). 

Non-Standard Abbreviation*. 



Tj o U 

^-O- ^ ^ . uridine-S'-phosphorothioatei 
™ OH OH 



UMPS= HO-! 



OH 



UTPS= HOP-O-P-Q-P-O y , uridine-5 
OH OH OH STo H 



triphosphorothioate; 



poly r(AUS) = Copolymer of AMP and UMPS. 

Enzymu. DNA-dependant RNA polymerase or oucIck)- 
aide triphosphate: RNA nucleotidyltransferase (E.C. 2.7.7.6) ; 
spleen phosphodiesterase (E.C. 3.1.4.1); snake venom phos- 
phodiesterase (E.C. 3.1.4.1); spleen phosphomoaoesterase or 
orthophosphortc monoester phosphonydrolase (E.C. 3.1.3.2); 
DNA polymerase, or deozynucleosidctriphosphato: DNA 
dcoxynucleotidyltransferase (E C. 2.7.7.7); pancreatic ribe- 
nuclease (E.C. 2.7.7.16). 



DNA-dependent 
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the sucrose gradien 
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The incubation 



and -> P = S Linkages 



by the use of RNA poly- 
e this polymer at a very 
digestion with pancreatic 



RNA-polymerase was purified 
of W. Zillig el aL [5] up to 
step. Its specific activity was, 
, 450 E.U./mg protein (detcr- 
aocording to Lowry ct al. [6]). 

and spleen phospho- 
gcncrously donated by Dr. H. 
Snake venom phosphodi- 
ribonuclease were purchased 
Soehne (Mannheim. Germany), 
generously supplied by Dr. A. Lc- 
chromatography was carried 
method in system A:2-pro- 
— water (6:3:1, v/v/v) on 
Schtill 2043 b, washed, 
^vas performed on the same paper 
ammonium formato (pH 3.5). 
vera taken with a Gilford Mod. 
with a Bcckman Mod. DUR 
combination with a Nealab 
programmer. 



in 



j °olynurizalion 



mixture for the polymerization 



with RNA- polymerase contained, unless otherwise 
stated, 0.03 M Tris acetate (pH 7.0), 0.03 M magne- 
sium acetate, 0.13 M NH 4 C1, 1 mM each of [ M C]ATP 
(specific activity 0.5 5 mC/mmole) and UTP or UTPS, 
0.02 M phosphoen>lpyruvate (Na-salt), 20(xg/ml 
pyruvate kinaso, poly d(A— T) and RNA-pnlymcraso 
as indicated. Incubition temperature was 37°. 

To follow the progress of polymerization, aliquots 
(0.010 or 0.025 ml] were taken after certain time 
intervals and applied to paper strips (2xl0cm a ) 
(DEAE-cellulose Whatman DE 81 [7]). After eluting 
with 0.3 M ammoni am formate and drying, the poly- 
meric material ren aming at tho starting zone woa 
cut out and counted in a liquid scintillation counter 
(Tricarb, Mod. 431! ). 
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Fi» 1 /neornomOV,* o/ AMP "nil UMP (m) or AMP nnd UMP8 (O) with UNA polymera* m poh, H '?'"f^ e : 
ronlrnl-X^ratinri ol AMP in absence of UTP (C)- In nddifcion to the compound* mrnUoncfl under Material* and 
^l^h&m^ 11.0ml) contained: UNA polymer**, 44 W of protein; poly d A— T), 1.0 ab-orbuncc un.t 

at 200 m\L 



Isolation of Product 



After polymerization for about 5—6 h, 0.3 ml of 
1 M NaCl solution was added to 0.3 ml of the incu- 
bation mixture ami the polymer precipitated with 
3 ml of cthanol at 0°. The precipitate wo* centrifuged 
for 10 min at 10,000 rcv./inin (Scrvall SS 34). The 
pellet was dissolved in 2.0 ml of water and dialyzcd 
against 0.1 M NaCl/0.1 M Tris-acctntc (pH 8.9) for 
4—5 h at 2°; this was followed by a second dialysis, 
over-night, at 2° against the buffer used for the 
particular enzymatic degradation. 

Conditions for the enzymatic degradations arc 
given under the appropriate figures. 



RESULTS 

rOLYMKlUZATION EX TK MM 15 NTS 

Fig. I sIiowh the incorporation or [ l4 C|ATP into 
the polymer as a function of time in the presence of 
UTP or UTPS, using poly d(A-T) a« a template. 

From Fig-1 it waa clear that UTPS could serve 
uh substrate for DNA dependent RNA polymerase 
instead of UTP. However, the polymer was formed 
at a slower rate. In order to get a quantitative rela- 
tionship between the two substrates UTP and UTPS, 
polymerization was carried out with different con- 
centrations of cquimolar mixturcH of [ W C]ATP and 
UTP as well as [ U C]ATP and UTPS. Fig. 2 shows 
the rate of polymerization as a function of substrate 
concentration. Fig. 3 represents the Lincwcaver- 
Burlc-plot. „ 

To determine the ratio of incorporated [ l C]- 
AMP/UMPS in tho modified polymer, the isolated 
polymer was dissolved in 2 ml of buffer (containing 

30 European J. Hlnrhei".. Vot.3 




S °ol5 55 ^ — 2°° 

SUBSTRATE CONCENTRATION ATP + UTP (OR ATP+UTP-S) 
lnM/01 ml) 

Fig. 2. Bolt of inccqtomtion of A^JP and VMP ( •) or A MP 
and UMPS (O) «* pretence oj incretuing amount* of sub- 
MtraU*. In addition to the cc ropounds mentioned under 
Material* and Methods 0.1 ml or incubation nuattuic con- 
tained: UNA polymoranc. 44 |t; or protein; poly d(A-T). 
0 03 nbnorbance units ut 2G0 mu-; increasing amount* ol 
substrates. After incubation far 10 min at 37*. the reaction 
mixture was cooled in an ice bitth and tho reaction stopped 
by addition or 0.2 ml or an aqueous uolution or 1 rog/ml ot 
bovine scrum albumin and 0 1 ml or 10 %> trichloroacetic 
ncid (nr/v). The acid insolublo material whb filtered r.n mem- 
branc filters (MF50, Sartorhs McmhranflltcrgCTcllscliart, 
Cottingen) and repeatedly warned with ice cold ft"/, tri- 
chloroacetic acid. After drying <hu radioactivity was counted 
in a liquid scinti latton counter 



50 mM Tris-HCL pH 8.1 ; 0 
orthophosphate, Nn+-salt) 
hydrolysis. On addition of 



i mM MgCl t and 10.0 mM 
ind subjected to alkaline 
).88 ml of 1 M KOH, the 



450 



A Polyribonucleotide Containing Alternating p « o and -> ] ? « S Linkages Kt,m W nn J. niochom. 



absorbanco of this solution at 260 itijjl increase*! from 
0 75 to 0.98 (= 2.80-absorbanco units) during 18 h 
at 37°. 

Tho radioactivity of 0 02 ml of this Rolution was 
measured, and yielded 286-4 counts/min = 40,700 
counts/min for 2.80 ml. This is equal to 0.125 (imolcB 
of incorporated [ l4 C]AMP (Standard: 32,500 counts/ 
min/0-100fxmolcs [ H C]ATP); this is equal to 1.92 
absorbanco units At 260 ra(i. To obtain the amount 




VESHK^M- 1 ) 



Fig. 3. Line weaver- Bur k plot of Ike rate of incorporation of 
AMP and UMP (%) or AMP and VMPS fO) 

of incorporated UMPS one has to subtract the 
amount of incorporated p 4 C]AMP (1.92 absorbance 
units at 260 mji) from the total number of absorbance 
units (2.80). The difference (0.88 absorbance units) 
is equal to 0-113 fimolcs of UMPS if e = 7,800 at 
pH 11. This RhowB that [ l4 C]AMP and UMPS were 
incorporated approximately to tho same extent. 

Thermal Melting 
Thermal melting profiles of poly r(A— U) and 
poly r(A— US) are shown in Fig. 4. The transition 
at 55° represents the melting of the template poly 
d(A-T). 

DEGRADATION EXPERIMENTS 

Degradation with Pancreatic Ribonudcaic 
To degrade tho polymer with pancreatic ribo- 
nucleasc, 2^g of protein was added to 0.100 ml of 
polymerization mixture and kept at 25°. To follow 
tho degradation of the polymer 0>0l ml were with- 
drawn after certain time intervals, applied to DEAE 
paper as described under Materials and Methods, 
eluted with 5°/ 0 trichloroacetic acid (w/v) at 2° and 
checkod for undegraded polymer in the scintillation 
counter. 

Fig. 5 shows tho degradation of tho unmodified 
and tho modified polymers by pancreatic ribonuclcaso 
as a function of time at different temperatures. 
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Fig. 5. Degradation of thn unmodified ami the modified polymer 
by pancreatic r\bonudeae\ ns a function ot timr.. m . degradation 
of poly r(A-U) at 25° ; O. degnubtion of poly r(A-US) 
at 25°; Q t degradation oi poly r(A-U) aU7 u ; O.dcgmdation 
of polf r(A-US) At 37° 
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consideriixg that the relative 
or tho modi fief I polymer was 
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approximately 35»/ 0 Higher than for the natural 

P ° l ^r*tho isolation of tho expected dinuclcottdcs, 
separate experiments vrcre run at 37°. The incubation 
mixture was then chromatogrnpUcd on paper in 

Sy8 Tho A iiltraviolct-activo material was cut out. 
cluted and subjected to electrophoresis (pH 3.6). 
Apart from some unrcacted trip hosphates there was 
„no ultraviolet-active spot (clcctrophorctic mobility 
" 9.6 cm). This material (7 ivbsorbar.ee units at 280inu) 
«as incubated with spleen phosphodiesterase at 
PH6.0 for 3.5 h at 37°. After separation by paper- 
Chromatography in System A. tho nltravtolet-antive 
maTerial was cut out, clutcd and sub ccted to electro. 
T^Li. r«H 1 6) On degradation oi tho unmodified 

with authentic AMP and UMP (oUctre- 
phoretic mobility 6..", cm and 13.0 cm), while u the 
caS) of tic mo<Uficd ^3™°' elentrophorCM yielded 
only 1 spot (elcctrophoretic mobihty 9 5 cm). One 
r-nccts the latter fnr a dinncleoeido d.pho«phntc of 
S 

the type ApUp [3]. 

Tnkinc into account the results of the alkaline 
hydrolysiS. formation of this stable dmuclcos.de 
dKhnic W ggest« the fallowing structure for the 
modified polymer: 
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described under Ma:crmln and Method* 
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Degradation with Snake Venom and Spleen 
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Tho isolated polymer was diaiyzed against a . wl* 
01 M NaCUnd 0.1 M Tris acetate (pit 8.9). 
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modified polymer ia degraded by snake venom phos- 
phodiesterase nt a much slower rate than the un- 
modified polymer. 

For the degradation of the polymers with spleen 
phosphodiesterase it was necessary to remove tho 
terminal Diphosphate of the polymer. This was done 
by prcincubating the solution* of tho modified and 
the unmodified polymers for a short period with 
spleen phoaphomonoeBtcraac and then adding di- 
cstcrnse. Fig. 8 shows the degradation of the polymers 
with these two enzymes. 

DTSCUSSIOV 

Because of the ambident character of nucleoside 
phosphorothioates the chemical synthesis of poly- 
mers which contain P = S linkages is not practical. 
Tho possibility of enzymatic synthesis was therefore 
investigated after we had obtained the necessary 
modified triphosphates [4]. To the best of our knowt. 
edge no attempts to polymerize nucleoside triphos- 
phate modified at the <*— P atom e.g. nucleoside 
phosphonopyrophosphatca have been successful [8, 9]. 
It was therefore an open question whether such 
nucleoside 5'-polyphosphorothioatcs would be ac- 
cepted by polymerizing enzymes such as DNA- 
dependent DNA- and RNA-polymerasc and poly- 
nucleotide phosphorylasc. Although we have tested 
these three enzymes with the necessary nucleoside 
polyphosphate analogs as substrates [10] we have 
only been succcHsful so far in obtaining polymers 
with -->P = S linkage with DNA-dependent RNA- 
polymcrasc using UTPS as modified substrate. Be- 
cause poly d( A— T) was our template the second sub- 
strate was ATP. The polymer therefore was expected 
to contain alternating -> P = 0, -> P = S groups. 

When using UTPS instead of UTP in the poly- 
merization with RNA-polymerase, the initial velocity 
of polymerization as well as the degree of poly- 
merization is l /» as great (Fig. 1). As can be Been from 
the Lincwcaver-Burk plot, K m « 3 X 1(H M for the 
modified substrate, whereas K m = 9.5 x 10" 8 M for 
the unmodified substrate. If ono assumes K m to 
represent tho real dissociation constant of the en- 
zyme-substrate complex in the presence of template 
then the affinity of the enzyme for the tbiophosphatc 
is only about l /a °-» great as the affinity for the normal 
substrate. This decrease of affinity seems to be the 
reason for the slower initial velocity. This is indicated 
in Fig. 3 by an increase in the values of K m while 
fin&x remains constant. 

A comparison of tho melting profiles (Fig. 4) of 
poly r(A— TJ) and poly r(A— US) shows that the 
introduction of P = S linkages docs not interfere 
with the formation of a double strand. The difference 
in T m for the two polymcre was found to be about 1°. 
Further investigation will be required tn show if this 
difference is of any significance. 



One expects a >olymcr like poly r(A— US) to be 
resistant to cxontinlcascH but to be degraded by 
endonucleascs. According to our expectations we 
found it to bo degraded by pancreatic ribonuclcasc. 
As one can sec fi om Fig. 7 and 8, an incubation with 
nake venom phosphodiesterase, 
mplctcly degraded within about 
poly r(A-US) is only IG-20°/ 0 



.spleen as well as 
poly r(A— U) is c|>i 
one hour whereas 



degraded. This slew degradation of poly r(A— US) 



could be due cithc 



present in the enzyme preparations or to some sensi- 
tivity of the -> P = S linkages to these enzymes. This 
question may be 'csolvcd by investigating the de- 
gradation of poly tiers with ->P=:S linkages ex- 
clusively. 

The resistance 
phosphodiesterase 
facile degradation 
rattlesnake venom 



poly r(A— US) to snake venom 
is in contrast to tho apparently 
of poly-5'-thiouridylic acid crude 
U]. This difference in behaviour 
by O S- and O.O-ejubstitutcd dicstcra of phosphnro- 
thioic acid is repealed on the monocstcr level. There, 
are cleaved by alkaline phoapha- 
8ubatitutcd c*ten* arc not. 
is of these investigations we fool 
that polymers containing exclusively -> P = S link- 
ages may lend thcrisclvns well to the study of inter- 
actions of polyribonucleotides with ribosomcs and 
messenger RNA. 
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ABSTRACT , 

^nein ical methods for the synthesis of short ^deoxyrlboolicjonucleotides 
containing" methyl and phenyl phosphonodl ester Vintages have been developed. 



The interaction of two such nonionic dinucleotide analogs, T{pCH s )T and 
T(pC 6 rU)T. with several enzymes has been investigated. Because of the phos- 
phonate linkage each dinucleotide exists as a diastereomeric pair as shown 
by thin layer chromatography and enzymatic studies. Both isomers of each 
dinucleotide' can be phosphorylated by Tu-polynucleotide kinase in the pres- 
ence of [y-"P]ATP. Only one of the di a stereoisomers of each dinucleotide 
is slowly hydrolyzed by snake venom phosphodiesterase and acts as an inhib- 
itor of the enzyme-eatalyzed hydrolysis of 5'-labeled ollgothymidylic acid. 
Both isomer-s of each dinucleotide analog are completely resistant to 
hydrolysis by spleen phosphodiesterase. 



I NTRODUCTION 

A great number of nucleotide analogs in which either the heterocyclic 
base or the sugar is modified have been synthesized and studied while only 
a small number of analogs are known in which the phosphate group is altered. 
These include nucleoside phosphites 1 , nucleoside phosphonates* , and nucleo- 
side phosphnrothioates 3 . Oligonucleotides containing altered phosphate 
groups can be classified into three major groups: (a) polyionic oligonucleo- 
tides, (b) nonionic oligonucleotides, and (c) mixed ionic-nonionic oligo- 
nucleotides. Oligonucleotides with a phosphorothioate group in place of a 
phosphate group were synthesized by Eckstein and have proved to be useful 
substrates in studying enzyme mechanisms* . Nonionic analogs such as oligo- 
nucleotide triesters have been synthesized by Ts'o and coworkers 5 who used 
them as model compounds for studies on the physical. chemistry of nucleic 
acids. More recently these authors have obtained deoxyribodinucleoslde 
methyl phosphonates and studied their physical properties by CD and pmr 
spectroscopy 0 - However* chemical synthesis of these nonionic analogs has 
not been reported by these authors. 
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independently, we have developed chemical procedures for the synthesis 
of oligonucleotides containing nonionic as well as mixed diester linkages 
with the hope of-acquiring potential pseudosubstrates- for the nucleic add 
ewymes. Tn this paper we wish to report the synthesis of oligonucleotides 
carrying methyl and phenyl phosphorate linkages, their phosphorylation by T % - 
polynucleotide kinase, and their interaction with snake venom and spleen 
phosphodiesterases. 



BFSULTS AMD DISCU SSION 

Although several procedures for the synthesis of dinucleosrde methyl 
«nd phenylphosphonates were attempted . only three procedures were found 
satisfactory and are described below. Methods A and B produced dinucleoslde 
methylphosphonates, but in each case the reaction was slow and the yield of 
final product was low. In Method A methylphosphonodlchloridate was used 
directly for phosphorylation of the 3'-hydroxyl group of a 5'- and amino- 
protected nucleoside. The S'-phosphorylated nucleoside thus obtained was 
further treated with the 5'-hydroxyl group of incoming nucleoside. While 
the first step of phosphorylation was quantitative In 2 hr. the second step 
of phosphorylation was slow, requiring 12 hr for the fonnation of d.lester 
in 40X yield. Although dinucleoslde methyl phosphonates, d(Me z O)TrT(pCH,)T 
and d(Me s 0)Tr anC (pCH,}anC\ were isolated in reasonable yields (36* and 
28X. respectively) using Method A, the dinudeotide, d(Me a 0)Tr 1bG(pGH,)1bG 
was Isolated in only 12S yield. Several unidentified side products formed 
during the synthesis made Isolation of the desired product difficult. Some 
of the side products may have resulted from the prolonged exposure of the 
reaction products to pyridine HC1 formed during the reaction. However, 
formation of these side products was avoided by using methyl phosphonodl- 
triazolide (II. Fiqure 1) as the phosphorating reagent. This reagent IT 
is similar to the reagent used by Narang and coworkers' in the synthesis of 
deoxyoligonucleotidetri esters. 

Methods B and C use reagent (II) In the phosphorylation of the 3 - 
hydroxyl group of a S'-protected nucleoside. The reagent was prepared in 
situ by stirring equimolar quantities of methylphosphonodlchloridate, tn- 
eWlamin*. and triazole in anhydrous tetrahydrofuran at room temperature. 
The reaction of triazole with methyl phosphonodi chol ori date was slow and 
required 4 hr for completion, formation of phenylphosphonoditrlazol de was 
even slower and required 8 5 hr with stirring for completion. Both methyl and 
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FIGURE 1. Synthesis of dinucleoside methyl and phenyl phosphonate by one 
step procedure. 



phenylphosphonoditriazolide were used directly, without Isolation for the 
phosphorylation of the 3*-hydroxyl group of a S'-dimethoxytritylated nucleo- 
side. Phosphorylation of the 3*-hydroxyl group was rapid and reached comple- 
tion within 30 minutes. Recently, we have shown 8 that in the synthesis of 
triesters that an intermediate similar to intermediate (III) did not phos- 
phorylate the second nucleoside, and that further activation of this inter- 
mediate was necessary for on efficient second step phosphorylation. Further 
activation of intermediate (III), as described in Method B\ was accomplished 
with triethyl ammonium ben2ene$ulfonate. The activated intermediate thus 
obtained reacted slowly with the second nucleoside requiring 12 hr for 602 
reaction. The yields of the isolated phosphonate di esters were in the range 
of 40-502. 

Although satisfactory yields of the dinucleoside phosphonates were 
obtained by Method B, synthesis by this method on a microscale {10-20 umol) 
was unsatisfactory, and in each case the yield of the Isolated product was 
very low (15-202). In most cases, the second step of phosphorylation 
reached only 20-30S of completion. This may be due to partial hydrolysis of 
Ihe activated intermediate (III). In order to improve the efficiency of the 
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second step of phosphorylation in inicroscale reactions, we investigated the 
activation of intermediate (III) by benzenesulfonyl tetrazole 9 . This reagent 
was prepared in situ and was added to intermediate (TIT) in the presence of 
the second nucleoside. A highly reactive phosphorylating intermediate was 
formed which reacted with the second nucleoside completely within one hr. By 
following this modification (Method C) , ollgonucleoside methyl phosphonates 
were isolated in 60-70% yield (Table 1). This procedure was equally efficient 
for the synthesis of nligonucleoside phosphonates on a large scale (1-5 mmol). 
From the experiments described above it is clear that Method C is the method 
of choice for the synthesis of oligonucleotides carrying methyl or phenyl- 
phosphonate linkages. 

Reaction products were readily separated by silica gel column chroma - 
"tbgraphy using' CHCl 3 contiTfingTj" pyrfdTnV as' the sol vent . The col umns 
were developed at a moderate pressure of 50 psi, The di nucleoside phospho- 
nates eluted in 2f-47# methanol while the tetnjnucleoside phosphonates eluted 
in 6~8$ Methanol. The reaction products from microscale synthesis wore 
separated by silica gel preparative thin layer chromatography in solvent 0 
and the desired product was isolated by elution with CHCl 3 -MeOH-pyri dine 
(7.8:2.0:0.2; v/v) . 

Both stepwise and blockwise elongation procedures were employed success- 
fully for the synthesis of ol igonucleosidc methyl or phenyl phosphonates . For 
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blockwise elongation, ol igonucleoside phosphonate blocks of the appropriate 
size were synthesized in a stepwise manner. The dimethoxytrityl group was 
removed and the 5 '-unprotected oligonucleotide was then condensed with 5'- 
protected oligonucleotide using Method C. For example, in the synthesis of 
the tetranucledslde methyl phosphonate d(Ke 2 0)TrT(pCH3)T(pCH 3 )T(pCH 3 )T. two 
dinucleotides, d(Me 7 0)TrT{pCH 3 )T and T(pCHj)T, were synthesized 1n a stepwise 
manner and coupled to give a tetra nucleotide. 

For the synthesis of oligonucleotides possessing the usual diester as 
well as phosphonate diester linkages, we have used a triester method 9 1n com- 
bination with Method C. Synthesis of the tetranucleotide d(Me z O)TrT(CU ? H 1 .) 
T(pCHs)T(ClC G IU)T was accomplished by coupling two dinucleotides d(Me 2 0)Tr 
T(ClC B n\)T and T(clC 0 HjT in the presence of reagent (III) and benzenesul- 
fonyl tetrazole as described in Method C. Removal of the protecting groups 
under appropriate conditions (described in Methods and discussed below) 
provided a tetranucleotide containing a single methyl phosphonate linkage. 

Oligonucleoside methyl phosphonates were unstable in 1 M NaGH at room 
temperature. Under these conditions as much as 402 of the methyl phosphonate 
diester linkage was hydrolyzed in one hr. Analysis of the cleaved products 
by silica gel tic in the presence of the appropriate markers clearly showed 
that the hydrolysis of the methyl phosphonate diester was random. Dithymi- 
dine phenylphosphonate, on the other hand* was more stable to hydrolysis 
under these conditions. Only a trace amount of hydrolysis (2-4%) was 
observed in one hour. However both phosphonate analogs of these oligonucleo- 
tides were resistant to hydrolysis by concentrated ammonium hydroxide at 36° 
fur up to 16 hr; thereafter slow hydrolysis was observed. Treatment with 
concentrated ammonium hydroxide at elevated temperatures (>50°) resulted in 
rapid hydrolysis of both methyl and phenyl phosphonate analogs. Since 
treatment with concentrated ammonium hydroxide at 36° for 16 hr does not 
produce any side reactions, these conditions were employed for the removal 
of p-ehlorophenyl and amino protecting groups. 

Both methyl and phenyl phosphonate analogs were stable to mild acid. 
Treatment of these analogs with benzenesulfonic acid under the conditions 
used for removal of the dimethyoxytrityl group 9 produced no side products 
as judged by tic Removal of the dimethyoxytrityl group on a microscale 
(0-1 to 0-5 ymol) was achieved by treatment with pyridine-acetic acid-K 2 0 
(3:14:1, v/v, pH 3.5) for 4 hr at room temperature. Even under these condi- 
tions no undeslred products were formed. 

To show that under the present set of conditions the major product of 
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synthesis carries a S'^ 1 internucleotide linkage, we synthesized the 
dinucleotide d(Me 2 0)Tri(pCH B )T-OAC. The 3'-acetyl group was hydrolyzed by 
mild NaOH treatment at 4 6 . The dimethoxytrityl group was removed from the 
dinucleotide d(Me?0)TrT(pCH a )T by benzenesulfonic acid treatment as described 
in Methods. The dinucleotide was identical to the dinucleotide synthesized 
hy using thymidine as shown by tic and its interactions with snake venom 
phosphodiesterase and T4 polynucleotide kinase. Further evidence in support 
of this will come from studies of the separated isomers. 

In dideoxynucieoside methyl or phenyl phosphonates , the phosphorous atom 
is asymmetric so that two stereoisomers exist. This was shown by thin-layer 
chromatography and enzymatic studies. Thin-layer chromatography of the 
dinucleosidephosphonates gave two UV-absorbinq spots moving close to each 
other indicating the presence of two stereoisomers. Separation, isolation, 
am! ident if icaLiOTi of these two stereoisomers is presently under investi- 
gation. 

No hydrolysis of 5' O'-di thymidine methyl phosphonate by spleen phospho- 
diesterase was detected after incubation for 24 hr at 37° using 50 times the 
amount of 'enzyme necessary to hydrolyze T-T in one hr. However, slow 
hydrolysis by snake venom phosphodiesterase was detected in the presence of 
excess enzyme. Only 5Q% of the methyl phosphonate was hydrolyaed in 24 hr 
using 42 times the amount of enzyme needed to hydrolyze the same amount of 
T-T in 10 min. After 24 hr, no further hydrolysis was observed even after 
the addition of the same amount of en2ymc initially used. Under identical 
conditions of enzyme excess, the phenyl phosphonate analog of T-T was also 
hydrolyzed to 502S but at a much slower rate. These observations suggest 
that the snake venom phosphodiesterase may bind to and cleave only one 
stereoisomer. It is possible, however, that both stereoisomers bind to the 
enzyme equally well and that only one isomer interacts properly with the 
functional groups of the active site and con be cleaved, These alternatives 
are currently under study. Assuming that both T-T and T(pCH 3 )T are 
hydrolyzed by the same active site, the slow hydrolysis of the preferred 
nonionic isomer may be due to the slow dissociation nf the enzyme- product 
complex compared to T-T. Presumably the rapid hydrolysis of T-T is due to 
the fast dissociation of the en2yme-product. complex. This phenomenon may 
be due to the electrostatic repulsion between the newly formed phosphnmono- 
ester and the negatively charged functional groups of the active site of the 
enzyme. Tn the case of nonionic analogs, this repulsive force is consider- 
ably lowered and thus reduces the rate of hydrolysis. If this is the case. 
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then the rate of hydrolysis of T-T and the oligonucleotides should be affected 
by the presence of these nonionic analogs. In fact the rate of hydrolysis of 
T-T was greatly reduced in the presence of equal amounts of T(pCHj)T (data 
not shown). In an analogous experiment, the rate of hydrolysis of 5'-( 32 P)- 
labeled oligo(dT)i 5 (50 pinole) was markedly reduced in the presence of 5 nmol 
of T(pCH.,)T, while the addition of 5 nmol of T-T had very little effect upon 
the hydrolysis of the 5'-labeled o1igo(dT) lS as illustrated in Figure 
These observations suggest that nonionic analogs may compete with the ionic 
substrates in u snake venom diesterase-catalyzed reaction. These results 
are preliminary and require further studies to determine the nature and 
mechanism of inhibition by these nonionic analogs. 

Mixed lonle-nonionic analogs were also substrates for_snake „venom_and 
spleen phosphodiesterases. For example, the; tetranueleotide T-T(pCH 3 )T-T 
was rapidly hydroly2ed to completion by snake venom phosphodiesterase to 
trinucleotide T-T(pCH 3 )T (the trinucleotide had the same mobility on tic as 
the chemically synthesized marker)- as judged by tic. However, Further 
hydrolysis of the trinucleotide to thymidine was very slow and required 
24 hr for 50% completion. Similarly the tetranueleotide T-T(pCH 3 )T-T was 
rapidly hydrolyzed to T(pCH 3 )T-T by spleen phosphodiesterase as judged by 
tic. These observations suggest that the presence of a methyl phosphonate 
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FIGURE Z. Rate of hydrolysis of 5'-{ 3£ P) -labeled ol1go(dT)i a by snake venom 
phosphodiesterase in the presence of T-T or T(pCH 3 )T. Hydrolysis of a *P- 
oligofdTh, (100 nM) in the presence of T-T { 100 uM) is shown by (• — •) and 
the hydrolysis of ?z P-oligo(dT) l5 (100 nM) in the presence of T(pCH 3 )T 
(100 uM) is shown by* (o^o). Experimental details are described in Methods. 
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next to the phosphodiester does not affect the exonuclease activity. 

In order to show that the nonionic analogs may also be substrates for 
other nucleic acid en2ymes, we investigated the phosphorylation of T(pCH s )T 
and T(pCc,H 5 )T by T4-polynucleot1de kinase in the presence of [y- 3 *P]ATP. 
Our results showed that both analogs were phosphorylated and that the phos- 
phorylation was several timffs slower than that of T-T. In each case the 
phosphorylated products were analyzed by PEI-cellulose thin layer chromato- 
graphy which showed the presence of two radioactive spots as illustrated in 
Figure 3. Presumably the two radiolabeled spots correspond to the two 
stereoisomers. As may be seen in Figure 3, the slower migrating isomer of 
32 pT(pCH a )T contains more radioactivity than the faster moving isomer, 
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FIGURE 3. Autoradiogram of the phosphorylation of T(pCH 3 )T and T(pCcH 5 )T by 
T4-polynucleotide kinase and [y-* 2 P]ATP. Conditions of phosphorylations are 
described in Methods. Phosphorylation of T(pCH a )T Is shown on the left, 
a. b, and c are 2, 4< and 8 hr time intervals and a 1 , b', and c' arc 4, 8, 
and 12 hr time intervals. 
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suggesting that one isomer is preferentially phosphorylated by the T4- 
polynucleotide kinase. In the case of T(pCiiH & )T f the faster moving isomer 
contains more radioactivity than the slower migrating isomer. Phosphoryla- 
tion of the methyl phosphonate analog was several times faster than that of 
the phenyl phosphonate analog. The difference in the rate of phosphorylation 
of the two analogs may be due to the bulky phenyl group in the phenylphos- 
phonate analog. 

Enzymatic studies on the nonlonlc analogs described above clearly show 
that they are ideal substrates for stuaying the mechanism of nucleic acid 
enzymes. Separation and characterization of the stereoisomers of these 
nonionic analogs will aid in precise understanding of their interaction with 
the various enzymes. Further studies along these lines ore in progress and 
will b~e~reported~eTsewhere~. '~ 
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CONCLUDING REMARKS 

""Availability of n6ni6n"ic~oTigohucleotides as analogs of nucleic acids 
provides an opportunity to study the mechanism of action of nucleic acid 
enzymes. For the first time it is possible to synthesize pseudosubstrates 
for endonucleases which ran be used to study DNA-protein complexes by 
physical and biochemical methods. 
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EXPERIMENTAL 

Pyridine, tetrahydrofuran, and triethylamine were distilled and stored 
as previously described 8 . Thionyl chloride was refluxed over linseed oil 
for 10 hr and then distilled at atmospheric pressure in the presence of dry 
nitrogen stream- Methyl iodide was purified by filtration through a small 
plug of silica gel. Phenylphosphonodichloridate was purchased from Aldrich 
and was vacuum distilled before use. All condensation reactions were 
carried out by repeated evaporation in vacuo of a solution of component or 
components with added dry pyridine (at least four times) and the reaction 
flask was opened into a dry box which had a positive pressure of dry air 10 . 

All four nucleosides were obtained from Calbiochem. 1 ,2,4-Triazole, 
l-(H)-tetrazole, and dimethyoxytrityl chloride were obtained from Aldrich. 
DEAE-cellulose plates were from Anal Tech- PEI-cellulose plates were from 
Brinkmann and were washed with 1.2 M pyridinium formate (pH 3.5) followed 
by water before use. 01igo(dT) l5 was purchased from P-L. Biochemical S- 
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SnakQ venom and spleen phosphodiesterases were purchased from 
Worth! ngton Biochemical s. T4-polynucleotide kinase was isolated by a 
modified procedure of Panet et aU" and was completely free of contamina- 
ting exonucleases. [y- 32 P]ATP of high specific activity (1400 ci/mmol) 
was prepared by the procedure of Maxam and Gilbert 12 and was used without 
further purification. The dimethoxytritylated-amino protected nucleosides 
were prepared according to the published procedure 13 . Merck silica gel 
60 F ZS i. were used for thin layer chromatography in the following solvent 
systems: A, CHCl^EtOH (9.5:0.5; v/v); B, CHCl,-EtOH (9:1; v/v) ; C, 
CHCl 3 -EtOH (8.2; v/v); D, CH.CN-H^O (9:1; v/v); E, CH,CN-HjO (8.5:1.5; v/v); 
F. isopropanol -aqueous Nh\,{dO.B8)-H 4 0 (7:1:2; v/v). 

Pr eparation of dimethyl methyl phosphonate . This compound was prepared 
by the procedure described by Kosolopoff 1 " except that, the product was 
twice vacuum distil led (b.p. 80" at 25 mm) before use- 
Prep aration of methyl phospho n odichloridate . To a stirred solution of 
thionyl chloride "(150 ml) and pyridine (1.5 ml), dimethyl methyl phosphonate 
(25 ml) was added slowly over a period of 2 nr. After the addition was 
complete, the solution was slowly brought to reflux and the refluxing was 
continued for a total of 24 hr. Excess thionyl chloride was removed by 
distillation at atmospheric pressure and the product was distilled twice 
under reduced pressure (b.p, 65° at J?5 mm). Colorless low melting (in. p. 36°) 
white solid was isolated in 805? yield. Anal. Calcd- for CHjP0Cl 2 : Cl, 53.38. 
Found: CU 53.13. 

S ynthesis of the dln ucleotide. dftegOlTrTCpOM T . 
Method A 

An anhydrous pyridine solution (10 ml) of 5 '-0-dimethoxytrityl thymidine 
(545 mg, 1.0 mmol ) was added to a stirred pyridine solution (10 ml) of 
methyl phosphonodichloridate (134 mg, 1.0 mmol)- After 4 hr stirring at 
room temperature, the mixture was analyzed by silica gel tic in solvents A 
(Rf 0.0) and B (Rf 0.18) which showed quantitative reaction. The second 
step of phosphorylation involved addition of an anhydrous pyridine solution 
(10 ml) of thymidine (243 mg, 1.0 mmol). The total reaction mixture was 
concentrated to 5.0 ml and stirred for 12 hr in the absence of moisture. 
Analysis of the reaction mixture by silica gel tic 1n solvents B (Rf 0.66) 
and D (Rf 0.Q0) showed about 40% reaction. The reaction was terminated by 
cooling in dry ice-ethanol and adding NaHCO-j (1 M, 20 ml) followed by CHC1 a 
(100 ml). The ol igonucleoside methyl phosphonate was extracted in CHC1 - 4 
(? x 50 ml), concentrated under vacuum/ dissolved in CHC1 3 (5 ml) contain- 
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ing H pyridine, and then chroma to graphed on silica gel column (2 x 30 cm) 
pre-equi libra ted with CHCl 3 -n pyridine. The column was developed under a 
pressure of 50 psi using a gradient of methanol (0-52) in the same solvent 
and was monitored by tic. The fractions containing the required product 
were pooled and concentrated in the presence of pyridine. The dinucleoside 
methyl phosphonate (261 mg, 30*) was isolated from the solvent by precipita- 
tion with hexftne. 
M ethod B 

To a solution of 1 ,2,4-tr1azole (105 mg, 1.5 mmol) and tri ethyl amine 
(0.21 ml. 1.5 mmol) in anhydrous tetrahydrofuran (10 ml) was added methyl- 
phosphonodichloridate (80 mg, 0-6 mmol). The reaction mixture was stirred 
for 6 hr at room temperature and then filtered. To the filtrate was added 
a previously dried pyridine solution of 5'-0-dimethoxytritylthymidine (272 
mg, 0.5 mmol) and the reaction solution was concentrated in^ vacu o to 5 ml . 
After 30 min at room temperature the reaction mixture was analyzed by 
silica gel tic in solvent B (Rf 0.18) which showed quantitative phosphory- 
lation. The second step of phosphorylation was carried out by adding to 
the above reaction mixture an anhydrous pyridine (10 ml) solution of henxene- 
sulfonic acid (?M mq, 1.65 mmol) and tri ethyl amine (0.23 ml, 1.65 mmol) 
followed by an anhydrous pyridine solution of thymidine (145 mg, 0-6 mmol). 
After 12 hr at room temperature, the reaction mixture was analyzed by silica 
gel tic in solvents B (Rf 0.64) and D (Rf 0.83), The reaction mixture was 
terminated and worked up as described above. The dinucleoside methylphos- 
phonate diester (430 ng, 50$ yield) was isolated in homogeneous form, m.p. 
157-159° C X max (EtOH). 267 (e 19,987). Anal. Calcd. for C^HomOuP: 
C, 59.50; H. 5.54; n. 5.61. Found: C, 59.38: II. 5.46; N, 6,71. 
Method_C 

The first step of phosphorylation of 5 '-0- dime thyoxytrityl thymidine 
was on the same scale as described in Method B. After 30 min at room 
temperature, the phosphorylation was complete as judged by silica gel tic. 
The second step of phosphorylation was carried out by addition of benzene- 
sulfonyl tetrazole (0.6 mmol) followed by a pyridine solution (10 ml) of 
thymidine (145 mg. 0.6 mmol). The total reaction mixture was concentrated 
to 5 ml and kept at room temperature for 1 hr. Silica gel tic of the reac- 
tion mixture in solvents B (Rf 0.66) and D (Rf 0.79) showed about 802S 
reaction. The reaction was terminated and worked up as described in Method 
A. The dithymidine methyl phosphonate wa s Isolated in homogeneous form in 
65% yield, m.p- 157-159° C Anal. Calcd- for C^Hi^NlOuP: C, 59.50; 
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H, 5.54; N, 6-61. Found: C. 59.41; H , 5.*3; N. 6.71. 

Synthesis of dinucleotide. d(Me 2 Q)TrT(pCf,H0T . To a solution of 1,2,4- 
tHazole (210 mg. 3.0 mmol) and iriethylamine (0.43 ml, 3 mmol) in anhydrous 
tetrahydrofuran (25 ml) was added phenyl phosphonodichlori date (0-14 ml, 1 
mmol). The reaction mixture was stirred for 8 hr at room temperature and 
then filtered- To the filtrate a solution of 5 '-0-di met hoxytrityl thymidine 
(544 mg. 1 mmol) in anhydrous pyridine (10 ml) was added and the reaction 
mixture was concentrated to 10 ml. After 2 hr at room temperature, the reac- 
tion mixture was analysed by silica gel tic in solvent A (Rf 0.01) which 
showed over 90% phosphorylation. The second step of phosphorylation Involved 
the addition of benzenesul forty 1 tetrazole {1.5 mmol) followed by a pyridine 
solution (10 ml) of thymidine (284 mg, 1 mmol). The reaction mixture was 
concentrated to 10 ml and kept at room temperature for 6 nr. Silica gel tic 
of the reaction mixture In solvents B (Rf 0.63) and C (Rf 0.86) showed about 
70* reaction. Termination and work up of the reaction mixture was as 
described in Method A. The reaction products were separated on a silica gel 
column (2 x 30 cm) using a gradient of methanol (0-5*). Fractions containing 
the required product were pooled and concentrated in the presence of pyridine. 
The dithymidine phenyl phosphonate, dlrlevOjTrTfpCsHsK. was isolated (S45 mg, 
60S yield) from the solvent by precipitation with hexane. Amax (EtOH), 
269 (e 21,100): m.p. 171-174 n C. Anal. Calcd. for C^H^NuOi aP: C. 6?. 04; 
h\ 5.39; N. 6.16- Found: C. 61.97; H. 5.37; N, 6.03. 

Synthesis of d(He g 0)TrT(C1C a H jT(pCH j ,)T . To an anhydrous solution of 

I, 2,4-trlazole (8,4 mg, 124 mnole) and triethyl amine (17 u l . 120 umol) In 
tetrahydrofuran (200 ul) was added methyl phosphonodichlori date (6.4 mg, 
48 jjmol). After, six hr stirring at room temperature the reaction mixture 
was filtered and the filtrate was treated with an anhydrous solution of 
d(Me 2 0lTrT(ClC€H* )T (39.1 mg, ao umol ) in pyridine (500 pi) The light 
yellow solution was concents i to 100 gl and kept at room temperature for 
30 minutes. Silica gel tic of the reaction mixture showed complete phosphor- 
ylation. The second step involved an addition of benzenesulfonyl tetrazole 
(60 ymol) followed by a pyridine solution (200 i/l ) of thymidine (11-6 mg, 48 
umol). The reaction mixture was concentrated to 100 ul and kept at room 
temperature for 1 hr. Analysis of the reaction mixture by silica gel tic 
showed that the trinucleotide. d(Me 2 0)TrT(ClC 6 HjT(pCH 3 )T was formed. The 
reaction mixture was separated by preparative tic developed in solvent D. 
The trinucleotide was eluted from the thin layer plate with solvent 0 con- 
taining 2% pyridine and was isolated in 50* yield (24 mg) . 
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Synthesis of d(Me»0)TrT[CTCf>U>Ttpg4 1 )T(ClC B H fc n - A mixture of 1,2,4- 
triazole (8.4 mg, 120 umol) and triethyl amine (17 yl, 120 ymol) 1n anhydrous 
tetrahydrnfuran (400 pi) was treated with methyl phosphonodichloridate (6.2 
mg. 46 iiraol). After 6 hr at room temperature i the reaction mixture was 
filtered and the filtrate was treated with an anhydrous solution of 
d(Me20)TrT(ClCftH JT (33 mg, 40 umol ) in pyridine (200 ul). The combined 
solution was concentrated to 150 ul and was kept at room temperature. After 
30 minutes it was analyzed by silica gel tic. The second step of phosphory- 
lation involved the addition of benzenesulfonyl tetrazole (45 umol) followed 
by a pyridine solution (200 ul) of T(ClC c Hw)T (32.4 mg, 48 ymol). The total 
reaction mixture was concentrated to 100 ul and kept at room temperature for 
1 hr. Silica gel tic -of the reaction mixture in solvents B (Rf 0.22) and 
C (Rf 0.46) showed 852 reaction. Termination and work up of the reaction 
mixture was as described in Method A. The reaction products were separated 
by preparative tic developed 1n solvent D. The tetranucleotide was elutcd 
from the thin layer plate with solvent D containing 2% pyridine and was 
isolated in 62S yield (41 mg). 

Synthesis of T(pCH 3 )T . d(Me 2 0)TrT(pCHj)T was dissolved in ice-cold 
CHCli-n-butanol (9:1 • v/v; 2 ml) and was treated with an equal volume of 
a 2% solution of benzenesulfonic acid in the same solvent. After 7. minutes 
at 4° C* the reaction was terminated by adding ice-cold NaHC0 3 (0.6 ml, 
1 M) and the organic phase was recovered and evaporated under vacuo- The 
product (31 mg) was isolated from pyridine solution by precipitation into 
petroleum ether. * m% (FtOH) 267 (c 19«<>31). Anal. Calcd. for CjjHaB^OuP: 
C. 46.23; H, 5-32; N, 10.27. Found: C, 46-20; H, 5.36; N. 10.33. 

Synthesis of T-T(pCH>)T . The trinucleotide, d(Me 2 0)TrT(ClC 6 Hu)T(pCH,)T 
(10 mg), was treated with concentrated ammonia (d O.flR) in pyridine (2 ml, 
2:1; v/v) at 36? for 1? hr. Silica gel tic in solvents 0 (Rf 0.31) and E 
(Rf 0.46) showed only one trityl positive spot. Ammonia and pyridine were 
removed by concentration 211 vacuo and the residue was treated with pyridine-' 
acetic acid-h^O (2 ml. 3:14:1; v/v- pH 3.5) for 90 minutes at room tempera- 
ture. The solution was concentrated to dryness in vacuo and the residue was 
dissolved in H?0 (1 ml) and extracted with ether (2 x 3 ml). The aqueous 
layer was evaporated to dryness and dissolved in 1.0 ml of 5 mM Tris HC1 
(pH 7.5) and stored frozen. 

Synthesis of T-T(pCH 3 ) T-T. The tetranucleotide. d(Me z O)TrT(ClC 6 H JT- 
(pCH 3 )T(CIC 6 h\)T. was treated with concentrated ammonia followed by PyH- 
dinium acetate buffer pH 3.5 as described above for the trinucleotide. 
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Synthesis of T(pC ft ti s )T. For removal of dimethoxytrityl group from 
d(Me 2 0)TrT(pC6H i )T. the procedure described for the synthesis of T(pCH 3 )T 
was used. After usual work up, the isolated product was homogeneous as 
judged by tic in solvents D (Rf 0.B2) and C (Rf 0.63). The product was 
isolated directly from the solvgnt by precipitation into hgxane. X max (EtOH) 
269 (e 21,131). Anal. Calcd. for C a6 H 31 M n P; C, 51.40; H, 5.10; N, 9.22. 
Found: C. 51.32; H, 4.96; N,- 9.63. 
Enzym e . Reactions 

Snake venom phosphodiesterase-catalyzed hydrolysis of T(pCHi)T ond 
TCpCuHjT . Dlthym1d1ne methylphosphonate (5,76 00 afi7 , 300 nmol) was dis- 
solved in 1 ml buffer (10 mM Tris HC1 pH 8.0, 5 mM sodium phosphate, and 
2 mM MgCl 2 ) - Snake venom phosphodiesterase (1.5 U; this amount of enzyme 
is sufficient to completely hydrolyze 12 umol of T-T at 37° In 2 hr) was 
added and the reaction was incubated at 37°. Aliquots of 100 ill were with- 
drawn at an interval of 2 hr and spotted on Whatman papgr, and the paper 
was developed in solvent F. UV-absorbing spots were eluted from the paper 
with 1% aqueous NH 3 in 50% aqueous ethanol and their UV absorbance was 
measured. * 

For the hydrolysis of di thymidine phenyl phosphonate, the procedure and 
the quantities of various components were the same as described above. 

Hydrolysis of 5 '-P^Pllabeled oliqofdTlis + T-T bv snake venom phospho - 
diesterase in the presence and absence of T(pCHi)T . 5 '-[ 32 P]-labeled oligo 
(dT)is (50 pmol, 1.1 x 10 cpm/pmol) and T(pCH a )T (5 nmol, 0.01 ODas?) was 
dissolved in CO \i\ nf buffer (10 mM Tris HC1 pH 8.0, 5 mM sodium phosphate, 
and 2 mM MgCl a ) and treated with snake venom phosphodiesterase (10 ul of 
1.0 mg/ml stock solution). The reaction mixture was incubated ax room 
temperature and 5 ul aliquots were withdrawn at 5 minute intervals and 
applied to a DEAE-cellulose thin layer plate. The plate was developed in 
homomix-IV of Jay et al. 15 The radioactive spots were located by auto- 
radiography. The radioactive band corresponding to o1igo(dT) lt , was scraped 
and counted. Decrease in radioactivity with time provided a measure of 
oligo(dT)ii hydrolyzed. Similarly in a parallel experiment T(pCH a )T was 
replaced by the same amount of T-T. 

Phosphorylation of T(pCH 3 )T and T(pCg H B )T b y T4-polynucleotide kinase 
and Ty-^PIATP . The dlnucleotidGS, T(pCH 3 )T or T(pC G H 3 )T (200 pmol), and 
[7- 3 *P]ATP (710 pmol, 2000 cpm/pmol of the ATP) were suspended in 10 ul of 
buffer (50 mM Tris HC1 pH 9.0, 5 mW DTT, 2 U M spermidine, and l6 mM MgCl ? ). 
The reaction miata-re was heated at 95° for 2 minutes and then cooled to 37°. 
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The ^-polynucleotide kinase (1 yK 1 unit/pl) was added and the reaction 
was incubated at 37°. Aliquots of 2 pi were withdrawn at intervals of 2, 
4, and 12 hr in the case of T(pCH a )T and 4, 8, and 24 hr in the case of 
T(pC B H 5 )T. The aliquoLs were directly applied to prewashed PEI-cel lulose 
thin layer plates and the plates were developed in 1.5 M pyridfnium formate 
pH 3.5. Figure 3 shows the auto radiogram of the phosphoryluted products. 
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The Antiviral Activity of Thiophosphate-Substituted 
Polyribonucleotides in Vitro and in Vivo 1 
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As shown before for the alternating poly r(A-U) (riboadenylic-ribouridylic acid), 
substitution of thiophosphate for phosphate in the alternating poly r(I-C) (riboinosi- 
nic-ribocytidylic acid) resulted in a significant increase of its ability to induce in 
vitro resistance to virus infection and interferon production in vitro and in vivo. The 
antiviral activity of the partially substituted polynucleotides poly r(AjU) and poly 
r(il-C) was intermediate between the antiviral activities of the unsubstituted poly* 
nucleotides poly r(A-U) and poly r(I-C) and those of the completely substituted 
analogs poly r(iA|U) and poly rfcljC). The thiophosphate-substituted polyribonu- 
cleotides showed an increased resistance to degradation by nucleases present in fetal 
calf serum. The nucleolytic activity of the serum resembled pancreatic rather than 
Tl ribonucleic. The increased resistance to breakdown by ribonuclease and serum 
paralleled an increased capacity to confer cellular resistance to virus infection, sug- 
gesting that protection against premature enzymatic degradation might underly the 
increased antiviral activity of the thiophosphate analogs in vitro and in vivo. 



INTRODUCTION 

Various synthetic polyanions, includ- 
ing polycarboxylates, polyphosphates, poly- 
thiophosphatcs, and polysulfates, stimulate 
interferon production in vitro and in vivo (as 
reviewed by De Clercq and Merigan, 1970). 
Their antiviral activity largely depends on 
the presence of a stable long-chain backbone 
on which free negative charges occur in a 
tightly packed and regular sequence (Meri- 
gan and Finkelstein, 1968; De Somer et aZ., 
1968; De Clercq and Merigan, 1969; De 
Clercq et ai., 1970a). Double-stranded poly- 
ribonucleotides such as the polyriboinosinic 
acid/polyribocytidylic acid homopolymer 

Supported by United States Public Health 
Service Grant AI-05629 and the Deutsche For- 
schungsgcmcinschaft. 

1 Fellow of the Damon Runyon Memorial Fund 
for Cancer Research and "Aangesteld Navorser" 
of the Belgian N.F.W.O. (Nationaal Fonds voor 
Wetcnschappelijk Onderzoek). 



pair (poly rl) * (poly rC), are the most potent 
interferon inducers on a weight basis (Field 
el al. t 1967, 1968; Hilleman, 1970). Substitu- 
tion of sulfur for oxygen in the phosphate 
linkages of the double-stranded polyribo- 
nucleotide poly r(A-U) (an alternating co- 
polymer of riboadenylic acid and ribouridylic 
acid) has recently been shown to cause a 
significant increase of its intexf eron-inducing 
capacity (De Clercq et aZ M 1969). In this 
report we present findings on the antiviral 
activity of the partially thiophosphate-sub- 
stituted poly r(A-U), the partially and com- 
pletely thiophosphate-substituted analogs of 
poly r(I-C) (an alternating copolymer of 
riboinosinic acid and ribocytidylic acid) and 
relate their antiviral activity to their de- 
gradability by purified enzymes or serum. 

MATERIALS AND METHODS 

Preparation of the polynucleotides and their 
thiophosphate-substituted analogs. The prep- 
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arationof poly r(A-U) M poly r(AiU) and poly 
r(;AjU) has been described (Eckstein and 
Gindl, 1970). A first preparation of poly 
r(I-C) [poly r(I-C)I] was synthesized with- 
out a template employing the DNA-de- 
pendent RNA-polymcrasc prepared accord- 
ing to Zillig el al. (1966); a second 
preparation (poly r(I-C)IIJ was prepared 
with poly d(I-C) as a template (Sternbach 
and Eckstein, 1970). Poly r(sI-C) was syn- 
thesized on poly d(I-C) in analogy to poly 
_t( LlQ) lIIi. JPoly. _jr(il &) was prepared in _ 
analogy to poly r(I-C)I without a template. 

The homoi>olymer pair (poly rl) • (poly rC) 
was prepared by mixing polyinosinic acid 
and polycytidylic acid (both purchased from 
Miles Laboratories, Elkhart, Indiana) in 
equimolar concentrations in unbuffered 
saline (0.15 M NaCl) and allowing them to 
stand at 25° for at least 2 hours. Duplex 
formation was evidenced by hypochromicity 
and finding of the appropriate transition 
mid point T m :o7° in 0.1 M Na + citrate 
buffer. The (poly rl) • (poly rC) preparation 
employed in the rabbit experiments was ob- 
tained with homopoly nucleotides purchased 
from P-L Biochemicals, Inc., Milwaukee, 
Wiscousin. (Poly rI)-(poly rC) wus kept 
frozen in aliquots at —20° at 1.0 mg/ml in 
saline. Poly r(A-U), poly r(I-C), and their 
thiophosphatc analogs were stored at —20° 
at 20 Mg/ml in saline. 

3 Abbreviations for the polynucleotides arc 
those proposed by the IUPAC-IUB (1005) ltules in 
J. Biol. Chem. 241, 527 (I960), and revised by a 
recent communication of the National Research 
Council (Office of Biochemical Nomenclature) 
(January 20, 1DC9). The abbreviations for the 
thiophosphate-substitutcd polynucleotides are 
those suggested by Dr. W. E. Cohn (Director of 
the National Academy of Sciences-National Re- 
search Council, Office of Biochemical Nomencla- 
ture Oak Ridge National Laboratory, Oak Ridge, 
Tennessee. 

* Physical -chemical properties: Sedimentation 
(sin,*.) values and thermal stability (T m ) values 
for ]>oly r(A r U) (preparations I and II) and poly 
r(*A;U) (preparations I and II) as described be- 
fore (De Clcrcq el a/., 10G9); molecular weight 
(MW^): poly r(A-tf)II, 128,200; poly r(AiU), 
105/200; poly r^AiUJII, 30,000; poly r(I-C)I, 
35,000; poly r<I-CjlI;fe7 f QO0; poly rfclsC), 294,000; 
7V(°C): poly r(I-C)I, 47; poly r(I.QII t 47; poly 
r(il-C), 50; poly.rfeljC), 51 (all T m values deter- 
mined in 0,1 M Na* citrate buffer). 



Cell culture. Human skin fibroblasts (HSF) 
and RK 13 cells (a continuous rabbit kidney 
cell line) were grown and maintained in 60- 
mm Falcon plastic petri dishes as described 
elsewhere (Merigan el aL 9 1966). Cell cultures 
were incubated in minimal Eagle's medium 
(MEM) with added penicillin G (100 units/ 
ml) and streptomycin (100 Mg/ml). Ten per- 
cent calf serum was employed during the 
growth of the cells; scrum was omitted 
during the antiviral activity experiments. 
_Cellular^ resUtan^to_virus infection and 
interferon production in vitro. Interferon pro- 
duction and. cellular resistance to bovine 
vesicular stomatitis virus (VSV) (Indiana 
strain) were measured in HSF as described 
previously (De Clercq and Merigan, 19G9). 

To follow the persistence of cellular resist- 
ance to VSV in HSF, cells were exposed to 
various concentration? of the polymers for 
20 hours at 37°; the polymer was then re- 
moved, the cells were washed with MEM 
and further incubated with polymer free 
MEM until challenge with VSV. 

Interferon was characterized by its sen- 
sitivity to trypsin (0.25 mg/ml, 1 hour, 37°), 
resistance to pancreatic ribonuclcase [40 
Mg/ml, 1 hour, 37°, 10"* M cthylcnediamine- 
tetraacetic acid (EDTA)] and lack of activity 
in heterologous (mouse L 929) cells. 

Interferon production in vivo. Albino 
rabbits weighing 1.5-2.0 kg were injected 
intravenously with 4 Mg of the ]>olymer (in 
1-4 ml MEM). Blood samples were taken 
1.5, 3, 6, 12, and 24 hours later and the 
serum assayed for interferon with the plaque 
reduction technique in RK 13 cell cultures 
employing VSV as the challenge virus. Inter- 
feron was characterized as described above. 

Semilivity to fetal calf serum. Different 
polymer concentrations (0.4 or 0.04 Mg/ml) 
in MEM were incubated for 1 hour at 37° 
and then exposed to fetal calf scrum (ob- 
tained from Microbiological Associates Inc., 
Bcthesda, Maryland) for 2 hours 37°. (Final 
concentration of fetal calf serum: 2, 10, or 
50%). Residual antiviral activity of the mix- 
tures was measured by VSV plaque reduction 
in HSF. 

Sensitivity to pancreatic ribonuclcase. The 
polymers were diluted in MEM + 10~ 3 M 
EDTA to 0.04 Mg/ml and exposed to various 
concentrations of pancreatic RNasc (bovine 
pancreatic ribonuclease A, 5 X crystallized, 
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'iirchased from Sigma Chemical Company, 
it. Louis, Missouri) for 1 hour at 37°. The 
residual antiviral activity was determined by 
incubating the samples with HSF and meas- 
uring VSV plaque reduction as described 
elsewhere (De Clercq et al. f 1969). 

Sensitivity to Tl ribonuclease. Polymer 
dilutions in MEM (without EDTA) at 0.004 
jig/ml were preincubated at 37° for 1 hour. 
Tl llNase (Worthington Biochemical Cor- 
poration, Freehold, New Jersey) was added 
in various concentrations and _the mixtures 
further incubated for 2 hours at 37°. Resid- 
ual antiviral activity of the samples was 
measured by VSV plaque reduction in HSF. 

~~ RESULTS 

Induction of Cellular Resistance to Virus 
Infection in Vitro: Polymer Dilutions 
Prepared and Preincubated in MEM at 
Different Temperatures 

Prior incubation in MEM at 37° before 
exposure to the cell cultures has recently 
been shown to increase the antiviral activity 
of both RNA and DNA alternating co- 
polymers and homopolymer pairs (Dc Clercq 
el al.j 1970b). Upon preincubation in MEM 
at 37°, poly r(A-U) and poly r(I-C) reduced 
VSV plaque formation in HSF at a lO'-lO 6 - 
fold lower concentration than when the 
polymers had been preincubated in MEM at 
0° (Table 1). There was no significant activa- 



tion when poly r(A-U) and poly r(I-C) were 
held at 25° before exposure to the cells (Table 
1). Addition of 10"* M EDTA following the 
37° incubation step reversed the thermal 
activation of both copolymers completely. 

The thiophosphate analogs poly r(iA 5 U) 
and poly r( 5 I 5 C) were considerably more 
active than the unsubstituted parent com- 
pounds when preincubated in MEM at 0° or 
25° (Table 1). There was a slight increase in 
antiviral activity of the polythiophosphates 
preincubated at 25° over the precooled (0°) 
polymers. Preincubation at 37° however, did 
not further increase the virus plaque-reduc- 
ing efficiency of poly r(^iU) and poly 
r(iliC), -as compared to preincubation at 
25°. The antiviral activity of the preheated 
(37°) polythiophosphates returned to the 
level of the precooled (0°) polymers when 
10" a M EDTA was added after the 37° 
incubation step. The partially substituted 
polymers poly r(AjU) and poly r(gl-C) (not 
reported in Table 1) showed an intermediate 
behavior, as compared to poly r(A-U) and 
poly r(sAiU) or poly r(I-C) and poly r(iliC), 
in that they reduced virus plaque formation 
at a 10-100-fold lower concentration than 
the unsubstituted polymers (when preincu- 
bated at 25°). Their antiviral activity shifted 
about 10* times after preincubation at 37° 
and could not be reversed completely upon 
addition of lO" 3 M EDTA. 



TABLE 1 

Effect of Preincubation of the Polynucleotides and Their Thiophospiiate-Substituted 
Analogs at Different Temperatures on Their Ability to Confer Resistance to 
Vesicular Stomatitis Virus in Human. Skin Fiiiroulasts 0 



Polymer 



Minimal inhibitory concentration 6 0/g/m!) 
Fotymcr preincubated in MEM for 2 hours at 



25° 



37° 



37° 

(10-> M EDTA)' 



Poly r(A-U) II >1 

Poly r(iAiU) II 0.001 

Poly r(I-C) II >10 

Polv rfcliC) 0.001 

(Poly rl)- (poly rC) 0.0N 



4 0.000004 >G.4 

0.001 0.0001 0.001 

>4 O.000W >1 

0.0001 0.0001 * 0.001 

0.0O4 0.00004 0.01 



d Serial (1 to 10) dilutions of the polymer prepared and preincubated in MEM at the given tempera 
lure and immediately applied to the cells. 
* Reducing VSV plaque formation by 50%. 
c Added at the end of the preincubation period. 
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Fio. 1. Persistence of cellular resistance to vesicular stomatitis virus in human skin fibroblasts. Serial 
(1 to 10) dilutions of the polymers were prepared in MEM at 25° (panel a) or prepared and preincubated 
in MEM at 37° (panel b) and then applied to the cell monolayers. At various time intervals thereafter 
the cells were exposed to virus challenge as described in Materials and Methods. Minimal inhibitory 
concent ration indicates the lowest polymer concentration which reduces virus plaque formation by 50%. 
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Cells exposed to yjq of the polymer per mlMCM 

Fio. 2. Interferon production in human skin 
fibroblasts. Polymers exposed to the cells for 3 
hours and interferon production measured in the 
subsequent 3-8 hour and 8-24 hour time periods. 

Persistence of Cellular Resistance to Virus 
Infection in Vitro 

When cell cultures were challenged with 
VSV at several times after the initial expo- 
sure to either poly r(I-C), poly r( 5 I-C), poly 
r(iliC), or (poly rI)-(poly rC), resistance to 
virus plaque formation was maintained up to 
day 7 ufter treatment and diminished there- 
after (Fig. 1). Resistance to virus infection 
decreased more rapidly for (poly rI)-(poly 
rC) than for poly r(il-C), poly r(ilaC), and 
the proheated (37°) poly r(I-C). When pre- 
incubated at 25°, poly r(I-C) did not reduce 
virus plaque formation at the concentration 
tested (Fig. 1A). 

Interferon Production in Vitro 

The partially and completely thiophos- 
phage-substituted analogs of poly r(I-C) 



it- 



Poiyrui %o 
•-•Poly rll-or 

(PolyrlHPoiyrC) 




Hours ofttr injection 

Fig. 3. Interferon production in the. rabbit. 
Serum interferon titers measured at several times 
after intravenous injection of 4 jig of the polymer 
(in 1-4 ml MEM) per rabbit. The polymer dilu- 
tions were prepared at 25°. 

stimulated interferon production in HSF 
under conditions the unmodified compound 
did not (Fig. 2). Significantly more inter- 
feron was obtained with poly r( 5 I ; C) than 
with (poly rI)*(poly rC). Poly r( 4 LC) con- 
tinued to stimulate interferon production 
during the 8-24 hour incubation period, 
whereas (poly rl) ■ (poly rC) did not. 

Interferon Production in Vivo 

Poly r(iAiU) has been reported to have a 
significantly (40-fold) greater interferon in- 
ducing capacity than poly r(A-U) in the 
rabbit (De Clercq el al. 9 1969). A similar 
increase in interferon production in rabbits 



ANTIVIRAL ACTIVITY OF POLYTHIOPHOSPHATES 



4?5 



:us observed following substitution of thio- 
hosphate for phosphate in poly r(I-C) (Fig. 
.:). At a concentration of 4 /xg per rabbit, 
poly r(;IjC) produced up to 20,000 units and 
poly r(I-C) less than 20 units of interferon 
per 4 ml of serum. Under similar conditions 
(1.5 hr after intravenous injection) 4 /ig of 
poly r(il-C) stimulated the production of 40 
-units/4 ml of circulating interferon. Pre- 
heating at 37° (in MEM) did not markedly 
increase the interferon inducing capacity of 
poly r(I-C), poly r(iI;C), or (poly rI)-(poly- 
rC) in the rabbit. 

With both (poly rl) • (poly rC) and poly 
r(iliC) peak serum interferon titers were 
reached in the rabbit at 1.5 hour after intra- 
venous injection (Fig. 3). Interferon titers 
decreased steadily from 1.5 hour to 24 hours. 
The kinetics of interferon production with 
poly r(iliC) and (poly rI)- (poly rC) were 
essentially the same, suggesting a similar 
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Fio. 4. Sensitivity to fetal calf serum as mens- 
tired by ability to confer cellular resistance to 
vesicular stomatitis virus in human skin fibro- 
blasts. Because fetal calf serum itself caused a 
reduction (up to 40%) or increase (up to 50%) of 
•he virus plaque number at the serum concentra- 
tions used (50% and 10%, respectively) as com- 
pared to control cell cultures which had been 
incubated with MEM with 2% scrum or without 
;crum v plaque reduction is expressed in percentage 

it controls treated with t he corresponding conccn- 

ration of serum. 



Concentration of pancreatic ribonucfeace 
■ control 
a toon is ion E2 yx Ban 




0.04 



0 04 . ao* 
PoXymcr concentration 



Fia._5.5ensitivityJo pancreatic ribonuclease as 

measured by ability to confer cellular resistance to 
vesicular stomatitis virus in human skin fibro- 
blasts. Ratios of ribonuclease to polymer concen- 
tration on a weight basis were 100, 10, 1, and 0.1. 
Pancreatic ribonuclease alone did not affect the 
virus plaque number at the concentrations used. 

production mechanism for regular and thio- 
phosphate-substituted polynucleotides. 

Sensitivity to Fetal Calf Serum 

Human serum as well as chicken and fetal 
calf serum abolishes the pyrogenic activity of 
(poly rI)-(poly rC), and this inhibitory 
effect is thought to be enzymatic in origin 
(Nordlund et aZ M 1970). Serum nucleases 
might also inactivate the interferon inducing 
capacity of (poly rI)*(poly rC) as both 
pyrogenicity and interferon-inducing capac- 
ity are closely related phenomena, depend- 
end on the complementary base-paired com- 
plex formation of the molecule (Lindsay et 
aZ M 1969). Premature degradation by serum 
(or plasma) nucleases may be responsible for 
the short-lived interferon titers and antiviral 
activity of polynucleotides in vivo. 

Poly r(A-U), poly r(I-C), and their thio- 
phosphate analogs were exposed to fetal calf 
scrum under conditions similar to those em- 
ployed to test their sensitivity to enzymatic 
degradation. All polymers were heat-acti- 
vated through preincubation at 37° in MEM 
for 1 hour. EDTA was omitted. Poly r(A 5 U) 
proved as sensitive and poly r(iAjU) con- 
siderably less sensitive to fetal calf serum 
than poly r(A-U) (Fig. 4). Poly r(iAiU) was 
even less sensitive to serum inactivation than 
(poly rlHpoly rC). Both poly r( 5 I-C) and 
poly r(jlaC) were more resistant to fetal calf 
serum than poly r(I-C) but equally resistant 
as (poly rl) • (poly rC) . 
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Fig. 6. Sensitivity to Tl ribonuclease as measured by ability to confer cellular resistance to vesicular 
stomat itis virus in human skin fibroblasts. Ratios of ribonucleasc to polymer concentration on a weight 
basis were 10,000, 1000, 100, and 10. Tl ribonucleasc alone did not affect the virus plaque number at the 
concentrations usedr" ~ 



Sensitivity to Pancreatic Ribvnuclease 

As demonstrated previously with poly 
r(iAiU) (De Clercqe* aZ,, 1969), poly r(iliC) 
proved markedly more resistant to degrada- 
tion by pancreatic ribonuclease than its un- 
modified parent compound (Fig. 5). The 
partially substituted analogs poly r(AiXJ) 
and poly r(il-C) showed an interesting differ- 
ence in sensitivity to pancreatic RNase as 
compared to. their parent compounds: poly 
r(AgU) did not differ significantly in sen- 
sitivity to pancreatic RNase from poly 
r(A-U) (not shown in Fig. 5), whereas poly 
r(J-C) was significantly more resistant than 
poly r(I-C) and equally resistant as the com- 
pletely substituted poly r(iljC) (Fig. 5). 
Both poly r(il-C) and poly r(iliC) resembled 
(poly rI)'(poly rC) in sensitivity to pan- 
creatic RNase. 

Sensitivity to Tl Ribonuclease 

Figure 6 shows that (1) poly r(I-C) was 
more sensitive to Tl ribonuclease than (poly 
rI)- (poly rC) (which is consistent with the 
findings reported by Krakow and Karstadt, 
1967) and that (2) complete substitution of 
thiophosphate for phosphate tin poly r(iliC)] 
rendered poly r(I-C) significantly more resist- 
ant to Tl ribonuclease whereas partial sub- 
stitution [in poly r(il-C)] did not. 

DISCUSSION 

The completely thiophosphatc-substituted 
analog of poly r(I-C) [poly r(iliC)] showed 
an antiviral activity like the homopolymer 



pair (poly rl) • (poly rC), used as a reference 
in our experiments, but surpassed the ac- 
tivity of the unsubstituted poly r(I-C) by 
several orders of magnitude. The low ac- 
tivity of poly r(I-C) was surprising as others 
found poly r(I-C) and (poly rI)*(poly rC) 
similar in activity (Colby and Chamberlin, 
1969; Hiileman, 1970). The poly r(I-C) prep- 
arations employed in our experiments were 
obtained by an unprimed polymerization of 
ITP and CTP or by polymerization with 
poly d(I-C) as a template (Sternbach and 
Eckstein, 1970). Both preparations had an 
appropriate nearest neighbor analysis and a 
thermal stability of 47° (in 0.1 M Na+) 
(compared to 60° for the preparation used by 
Colby and Chamberlin, 1969), below the 
threshold thermal stability suggested as criti- 
cal for interferon production and fuil anti- 
viral activity (De Clercq and Merigan, 
1969). 

Poly r(iAjU) and poly r(iI ; C) were some- 
what more active than (poly rI)-(poly rC) 
in inducing cellular resistance to vims infec- 
tion in human skin fibroblasts when pre- 
incubated at 25° (Table 1); poly r(iliC) 
stimulated more interferon production than 
(poly rI)' (poly rC) in human cells (Fig. 2) 
and the cellular resistance offered by poly 
r(il-C) and poly r(iI s C) persisted for a longer 
time than with (poly rI)- (poly rC) (Fig. 1). 
The kinetics of interferon production by poly 
r(iliC) and (poly rl) • (poly rC) in the rabbit 
were almost identical. The similar patterns 
of antiviral activity of (poly rI)-(poly rC) 
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.nd the thiophosphate-substituted poly 
(I-C) and poly r(A-U) suggest that their 
'node of action is identical and that intro- 
duction of sulfur in the phosphate groups 
«loes not diminish the affinity of polynucleo- 
tide interferon inducers for the cellular recep- 
tor or triggering site for interferon produc- 
tion, postulated by Colby and ChamberJin 
(19G9) and De Clercq and Merigan (1909). 

Substitution of thiophosphate for phos- 
phate rendered both poly r(I-C) and poly 
r(A-U)„ morc„ .resistant to. degradation by 
imdonucle?ises (pancreatic ribonuclcase, Tl 
ribonucleic, as measured by antiviral ac- 
tivity (Figs. 5 and 0; Do Clercq et aL, 19G9) 
or acid-insoluble radioactivity (Eckstein and 
Giudl, 1970). The increased resistance of the 
thiophosphate-substituted polynucleotides 
to degradation by pancreatic and Tl RNase 
(Figs. 5 and G) close Jy paralleled their degree 
of antiviral activity in human skin fibro- 
blasts. For the poly r(I-C) species, resistance 
to enzymatic breakdown and antiviral ac- 
tivity increased in the order poly r(I-C), 
poly r(il-C) , and poly r(iliC) . 

The partially thiophosphate-substituted 
polynucleotides showed a paradoxically dif- 
ferent behavior in their susceptibility to pan- 
creatic RNase. Poly r( 5 I-C) was significantly 
more resistant to pancreatic RNase than 
poly r(I-C) whereas poly r(AjU) did not 
differ from poly r(A-U) in sensitivity to pan- 
creatic RNase. These differences might be 
explained by the base specificity of pancreatic 
RNase which cleaves RNA between the phos- 
phate attached to the 3'-OH group of uracil 
or cytosine nucleosides and the o'-OH group 
of whatever nucleotide is next. In poly 
r(;I-C) the phosphate at the 3'-OH end of 
cytidine is replaced by thiophosphate and is 
therefore expected to be more resistant. In 
poly r(AiU) the phosphate at the 3'-OH end 
nf uridine is intact whereas the phosphate 
group at the o'-OH end of uridine has been 
substituted by thiophosphate: this arrange- 
ment would not be expected to show in- 
n-eased resistance to pancreatic RNase. 
If the increased resistance of the thio- 
hosphatc analogs to enzymatic breakdown 
opends on the intcrnuclcotidc bond for 
hich the enzyme has its specific affinity, 
ibstitution of thiophosphate for phosphate 
i the "AOH end of inosinc [in poly r( ; I-C)] 



should not increase the resistance to Tl 
ribonuclease, whereas further substitution at 
the 3'-OH end of inosine [in poly r(iliC)] 
should do so. Tl ribonuclease is known to 
split nucleotide bonds adjacent to the 3'-OH 
end of guanosine (and guanosine derivatives 
inosinc and xahthosine) (see, e.g., Whitfeld 
and Witzel, 19C3; Egami et aL, 19G4). Our 
results have shown that poly r(jI-C) was 
somewhat more resistant to Tl ribonuclease 
than poly r(I-C) but that further modifica- 
tion^ to poly ,r(iI;C)_resuJted in a more 
significant increase in resistance (Fig. 6). 

It is likely that the increased antiviral 
activity of polynucleotides seen in tissue 
culture following thiophosphate substitution 
is due to protection of the polynucleotides 
against premature enzymatic degradation. 
The increased interferon production in vivo 
might be related to an :r*creased resistance 
to nucleases in the scrum. Figures 4, 5, and 6 
show that introduction of thiophosphate 
groups in poly r(A-U) and poly r(I-C) lead 
to a parallel increase in the resistance to 
degradation by fetal calf serum, pancreatic 
RNase and Tl RNase and that the partially 
substituted polymers poly r(AjU) and poly 
r(;I-C) differed in sensitivity to fetal calf 
serum from their parent compounds as they 
did in sensitivity to pancreatic RNase. 
These findings suggest that the inactivating 
effect of serum is mediated by nuclease with 
the specificity of pancreatic RNase. The role 
of nucleases in the inhibitory effect of scrum 
is further supported by the findings that 
polyribonucleotides [e.g., (poly rl) • (poly 
rC)] became more acid soluble the longer 
they were incubated with fetal calf serum 
(our unpublished data), human or rabbit 
serum (Nordlund et ai., 1970). 
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Biochemical and Biological Effects of Nonionic Nucleic Acid 
Methylphosphonates* 
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abstract: Ohgodeoxyribonucleoside methvlphosphonates 
with base sequences complementary » the anticodon loop of 
tRK A J" and to the -ACCA-OH amino acid accepting siem 
of tR.\ A were prepared by chemical synthesis. OUgodeoxy- 
adenosine methvlphosphonates form stable, triple-stranded 
complexes with both poly(U) and poly(dT)r Tfiese analogues 
selectively inhibit cell-free aminoacylation of tRNAtlla but 
have no effect on aminoacylation of IRNA&,. The extent 
or inhibition is temperature dependent and parallels the ability 
of the oligomer to bind to poly(U), which suggests that in- 
hibition occurs as a result of oligomer binding to the -UUUU- 
anticodonloopoftRNA^. The failure of the oligodeoxy- 
adenosine methyiphosphonates to inhibit tRNA^SL amino- 
Jaeylauon suggests that there may be a difference between the 
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I oniomc oligonucleotide analogues have been shown to be 
useful nucleic acid analogues for probing nucleic acid se- 
quence-function relationships both in biochemical experiments 
and in living cells. Previous reports from this laboratory have 
described the interaction of nonionic, oligonucleotide" ethyl 
phosphotnesters with transfer RNA (Miller et aL, 1974) and 
the effects of these analogues on cell-free aminoacylation of 

m JSS^f.f 1 al " 1974) - A ^""dwtide analogue. 
G, (Et)G„ (Et)U' was shown to be taken up by mammalian 
ceils in culture and to have specific inhibitory effects on cellular 
protein synthesis and cell growth (Miller et al., 1977). 

Recently we described the syntheses of a series of novel 
nonionic oligonucleotide analogues, the dideoxyribonucleoside 
methylphospnonates tMiller et ai., 1979). These analogues 
nave an isosteric, 3'-5'-linked methylphosphonate group which 

« replaces the normal phospbodiester linkase of nucleic acids 
:tensive physical studies by ultraviolet, circular dichroism 
d nuclear magneuc resonance spectroscopic techniques re- 
vealed that the conformation of these analosues is similar to 
those of the corresponding phosphodiesters and that the 
analogues form stable complexes with complementary poly- 
nucleotides (Miller et al., 1979: Kan et al., 1980). Since these 
poospnonate analogues can penetrate mammalian cells and 
»e methylphosphonate linkage is resistant to cleavaae bv a 
variety of nucleases, it is of interest to determine if these 
analogues could be used as probes of the sequence-function 
relation of nucleic acids in living cells. In this paper we report 
J*e synthesis of a series of oligonucleotide methvlphosphonates 
7^\ni\J^ nCeS . are com P |c 'nent a ry to' the anticodon 
loops of tRNA L >* species and to the -ACCA-OH amino acid 
accepting stem of tRNA. The effects of these analoeues on 
cell-free aminoacylation and cell-free protein svmhes*is were 
studied. The uptake of selected analogues bv mammalian cells 
in culture and the effects of these compounds on bacterial and 

Hel!^^?*!?" I' Bi ,°P b -"«- School of Hygiene and Public 
Health. The Johns Hopluns University. Baltimore. Maryland :P0< 
***** Augus,28. J9S0. This work «„ Jupponed bv : a gn „a7om 
^he Nanonal limituies of Health (CM 166066-12). This U pape „o 
3 «» a *„« emaled "Nonionie Oligonucleoside Me,hylph«ptonaI« S ' 



structure of tRNA L) ™ or its interaction with „• 
synthetase in the Escherichia coli and rabbi, 
oligodeoxyadenosme analogues also effectively iS' V* 
phenylalanine synthesis in cell-free trawSon ^ 
from J»tb_*«/Land_rabbh.retiaS T ^5 n,deiva! 
inhibition parallels the T m values of thToIigom Si' * 
nate-poly(U) complexes and suggests thzt T^T^ 
consequence of complex formation with the oolvfr^" ' 
Tritjum-hibeled ougodec*>Tftonudeoside meKhos^ 
with a chain length otup^to nine nucleotidyl uniu a« 
up intact by mammalian cells in culture. All the oHm^' 
analogues tested inhibited, to various extents, colony Sr'"' 
by bacterial, hamster, and human tSS ceto 5^ 



mammalian cell growth are reported. 
Experimental Section 

Materials. Nucleosides were purchased from P-L Bio- 
chemicals and were checked for purity by paper chromator 
raphy before use. ^-Benzoyldeoxyadenosine, A'-tobuivr??. 
deoxyguanosine, their 5'-0^imethoxytrityl dcrivaiivesV-i 
-^(^c^ytrityOthymidine were prepared according :o 
published procedures (Schaller et aU 1963; Buchi & Khor-^ 
1972). d-[(MeO) 2 Tr]bzApbzA/>CNEt, d-[(MeO> f-' 
bzA/TbzAOAc, d-[(MeO)Tr]TpTpCNEt, d-ApT. d-A^rr 
d-TpT, and d-Tp[ 3 HJT were synthesized bv procedure.: 
vnously described (Miller et aL, 1979). Dimethyl meis.;- 
phosphonate (K & K Laboratories) and benzencsuifonic zki 
(Eastman) were used without further purification. Hvdr- 
acryionitrile (Eastman) was dried over 4-A molecular sino 
Methylphosphonic acid dipyridinium salt and mesitvlcnesul- 
fonyl tetrazolide were prepared as previously described (Miller 
et al., 1979). Anhydrous pyridine was prepared by reflux:.-.; 
reagent-grade pyridine (3 L) with chlorosuifonic arid i^: rr.l 
for 7 h, followed by distillation onto sodium hydroxide pe r- 
(40 g). After being refluxed for 7 h, the pyridine was z-<. \r, 
onto 4-A molecular sieves and stored in the dark. 

Silica gel column chromatoerapbv was carried out b\ us^ 
Baker 3405 silica gel (60-200 mesh). Thin-layer site cci 
chromatography (TLC) was performed on E iMerck silica *=: 
60 F 254 plastic-backed TLC sheets (0.2 mm thick). H:ch- 
pressure liquid chromatography (LC) was carried out by usir.f 
a Laboratory Data Control instrument on columns (2.1 • 
x 1 m) packed with HC Peliosil (Whatmzn. Inc. J. T>.r . 
columns were eluted with a linear gradient (-0 rr.L if-' > 
chloroform to 20% (v/v) methanol in chloroform a; 2 5 — 



1 Abbreviations used: Np<Et)N. an oligonucleotide ethyl ?ho>?»> 
triester d-NpNpN. oUgodeoxxribonuclcotide analogues containiju; }' * 
intcmudcoHde methylphosphonate linkages (in this abbreviation tf i^ 
p represents the methytphospnonate linkage): MST. mesitylcnesultev 
letraxolide. The symbols used to represent protected nucleosides a»fi 
oligonucleotide meihylphosphonates follow the ILT.AC-IL'B Commxssvc 
on Biochemical Nomenclature (1970) recommendaiions. 
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^tf 1 mL/min. Ultraviolet spectra were recorded on a Cary 
t ]4 or a Varian 219 ultraviolet spectrophotometer with a tera- 
V perature-controlled cell compartment. The following extinction 
r coefficients (260 nm) were used: dT, 9100; d-[(MeO)Tr]T, 
? 10200: d-[(MeO) 2 Tr]bzA, 12 500: d-bzA, 10 600; d- 
7 ((MeO) : Tr]ibuG, 17400; d-ibuG, 16 700. Paper chroraa- 
: tograpby was carried out on Whatman 3 MM paper using 

- solvent A: 2-propanol-concentrated ammonium hydroxide- 
water (7:1:2 v/v). 

Preparation of d-[(MeO) 2 Tr]ibuGpCNEt. d- 

* [(MeO) 2 Tr]ibuG (12 g, 18.7 mmol) and the pyridinium salt 
of methylphosphonic acid (21 mmol) were dried by evaporation 

1 with anJiydrousjpyridine (4 x 20 mL) and the residue in 40 
mL "of pyridine was treated wiih~i4,6-triisoprbpylben2ene* 
suifonyl chloride (12.7 g, 42 mmoi) for 8 h at room temper- 

- ature. Hydracrylonitrile (4.5 g, 63 mmol) and 2,4,6-triiso- 
propylbenzenesulfonyl chloride (0.61 g, 2 mmol) were added 

* _and the reaction mixture was kept at room t em perature. After 
2 days the reaction mixture was poured into 500 mL of ice-cold 

; 5% NaHC0 3 solution. The solution was extracted with ethyl 

- acetate (2 X 250 mL) and the combined extracts were dried 
fever anhydrous Na*S0 4 . Examination of the extract by TLC 

showed the presence of both d-KMeOJjTrJibuGpCNEt (R f 
0J1, silica gel TLC 10% MeOH-CHCl 3 ) and d-ibuGpCNEt 

* (/?,0.14, silica gel TLC, 10% MeOH-CHCl 3 ). After con- 
" centration the ethyl acetate extraa was chromatographed on 
' silica gel (4 x 35 cm) by using ether (1 L) and a 0-20% linear 

* gradient of methanol in chloroform (1.6 L total) as solvents. 
. d-((MeO) 2 Tr]ibuGpCNEt (2.75 mmol) was obtained in 15% 

yield while d-ibuGpCNEt (2.46 mmol) was obtained in 13% 
yield. Additional d-[(MeO) 2 Tr]ibuGp (3.69 mmol, 20%) was 
obtained from the aqueous bicarbonate solution after extraction 
with chloroform (2 X 200 mL). 

Preparation of Protected Oligonucleoside Methyl- 
phosphonaies. The same general procedures were used as 
previously described for the preparation of dinucleoside me- 
thylphosphonates (Miller et al„ 1979). The specific conditions 
used in the condensation reactions and the yields obtained after 
silica gel column chromatography are given in Table I. The 
ultraviolet spectroscopic characteristics and the mobilities of 
the protected oligonucleotides on silica gel TLC and silica gel 
^gh-pressure LC are given in Table II. 
™ Preparation of Oligonucleoside Methyl phosphonaies. The 
protecting groups were removed from the blocked oligo- 
nucleoside methyl phosphonaies by using conditions described 
previously (Miller et aL, 1979). In the case of the dA-con- 
tair.ing oligomers, the A-benzoyl groups were removed by 
treatment with hydrazine (Miller et al., 1979). The oligomers 
were purified by preparative paper chromatography using 
solvent A. For the 3 H-labeled oligothytnidine methyl- 
phosphonates, d-n»J 3 H]T, the condensation reactions 
containing d-KMeOJTrKTp), plus [ 3 H]TOAc were run on 
0.01 (n - 1) and 0.005 {n = 4 and 8) mmol scales while 
d-GpGp[ 3 H]T was prepared on a 0.012-mmo! scale. The 
protecting groups were removed without isolation of the pro- 
Vrcted -H-labeled oligomers and the entire reaction mixture 
v zs chromatographed on paper The oligonucleoside me- 
:h\|phosphonates were cluted from the paper with 50% 
aqueous ethanol. The ethanol solutions were passed through 
DEAE-celluiose columns (0.5 X 1 cm) and stored at 0 °C. 
The following overall yields were obtained: d-(Tp),,[ J H]T (n 
= 1, 41%; n = 4. 22%; n = 8. 17%) and d-G/?Gp[ J H]T (15%). 
The L'V spectral properties and chromatographic mobilities 
of the oligonucleoside methyiphosphonaies are given in Table 
MI. For use in the physical, biochemical, and biological ex- 
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periments described below, aliquots containing the required 
amount of oligomer were evaporated to dryness, and the ol- 
igomer was dissolved in the buffer used in the particular ex- 
periment. 

Interaction of Oligodeoxy adenylate Methyiphosphonaies 
with Polynucleotides. The continuous variation experiments 
and melting experiments were carried out as previously de- 
scribed (Miller et aL, 1971). The extinction coefficients of 
the oligomers were determined by comparing the absorption 
of a solution of the oligomer in water at pH 7.0 to the ab- 
sorption of the same solution at pH 1.0. The oligomer ex- 
tinction coefficient was calculated from the observed byper- 
chromicity of the oligomer at pH 1.0 by using the following 
extinction coefficients: dA, pH L0, -IW-X-IO 1 ; dG; pH 1.0, 
12.3 X 10\ The molar extinction coefficient of poly(U) is 9.2 
x 10 3 (265 nm) and of poly(dT) is 8.52 X \Q> (264 nm). 

Cell-Free Aminoacylation. (I) £. coli System. Unfrac- 
tionated Escherichia coli tRNA was purchased from 
Schwarz/Mann and unfractionated £. coli aminoacyl 
synthetase was purchased from Miles Laboratories, Inc. 
Reactions were run in 60 fiL of buffer containing 100 m.M 
Tris-HCU pH 7.4, 10 mM Mg(OAc) 2t 5 mM KCL 2 mM 
ATP, 4 mM 3 H-Iabeled amino acid, 1.8 mM tRNA £jCP ^ and 
0-100 uM oligonucleotide, following the procedure of Barrett 
et aL ( 1 974). Reactions were initiated by addition of 4 Mg of 
aminoacyl synthetase. Aliquots (10 mL) were removed at 
various times and added to 1 mL cold 10% trichloroacetic acid 
and the resulting precipitate was filtered on Whatman G/F 
filters. After being washed with four (1 mL) portions of 2 
N HC1 and four (1 mL) portions of 95% ETOH, the filters 
were dried and counted in 7 mL of New England Nuclear 949 
scintillation mixture. 

(2) Rabbit Reticulocyte System. A rabbit reticulocyte 
cell-free translation system was purchased from New England 
Nuclear (lot no. Jl 157AW). Reactions were run in 12.5 uL 
of buffer containing 1 uL of the translation mixture, 79 mM 
potassium acetate, 0.6 mM magnesium acetate, 57 u\i 
[ 3 HJlysine, and 50 mM oligomer. The reactions wre initiated 
by addition of 5 uL of reticulocyte lysate and were assayed 
as described for the £. coli system. 

Cell-Free Protein Synthesis. [I) £. coli System. A cell-free 
protein synthesizing system was isolated from E. coli B cells 
(S-30) according to the procedure of Nirenberg (1963). The 
system incorporates 300 pmol of [ J H] phenylalanine/ mg of 
S-30 protein after 15-min incubation at 37 °C when poly(U) 
is used as a message. 

(2) Rabbit Reticulocyte. The reticulocyte translation system 
prepared by New England Nuclear was used. For the 
translation of globin mRNA, the reactions were run in 12.5 
uL of buffer containing 1 uL of the translation mixture, 0.10 
Mg of globin mRNA (Miles Laboratories), 79 mM potassium 
acetate, 0.2 mM magnesium acetate. 0-50 uM oligomer, and 
20.5 mM ( 3 H)leucine. For the translation of poly(U), the 
reactions were run in 12.5 uL of buffer containing 1 uL of the 
translation mixture. 120 mM potassium acetate. 0.8 mM 
magnesium acetate, 367 uM poiy(U), 0-200 mM oligomer 
(base concentration), and 32 mM [ J H] phenylalanine. Reac- 
tions were initiated by addition of 5 mL of reticulocyte lysate. 
Aliquots (2 uL) were removed at various times and added to 
1.0 mL of bovine serum albumin (100 Mg) solution. The 
protein was precipitated by heating with 1 mL of 10% tri- 
chloroacetic acid at 70 °C, filtered on G/F filters, and counted 
in 7 mL of Betafluor. 

Uptake of Oligodeoxvribonucleoside Methylphosphonates. 
The uptake of d-AppHJT. d-G/>G/7[ 3 H]T, and d-(Tp) J J HJT 
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l&blc I: Preparation of Procected Oligodeoxyhbonudeosidc Methylphospbonates 



3'-rnethylphosphonaie component 
(mmol) 



5*-0H component 
(ramol) 



MST 
(mmol) 



product 
(mmol) 



d-((MeOKTr)ibuGp (0.30) 
d-((MeO) 1 TrjibnGp(1.0) 
d-f(MeO)Tr|TpTp (0.33) 
d.((MeO)Tr)Tp(Tp) 1 TpCNEt (0.0324) 
d-((MeO),Tr]ibuCpiboCp (0.07) 
<H<Me01.Tr]bzApbzAp (0.065) 
d-{(MeO)Jr|bzApbxAp (0.13) 
d-((MeO).Tr)biApbzAp (0.0168) 



d-ibuGpCNEt (0.50) 2.0 

d-bzAOAc (1.5) 4.0 

d-TpTpCNEt (0.50) 1.6 

d-Tp(Tp),TpCNEt (0.0524) 0.16 

d-TOAc (0.15) 0.28 

d*bzAOAc (0.043 ) 0.163 

d-biApbzAOAc (0.20) 0.52 

d-ibuGpbzAOAc (a0168) 0.0735 



Vield 
(5) 



d-((MeO) Jr]ibuGpibuGpCNEt (0.82) 
d-[(MeO).Tr]ibuGpbzAOAc (0.42) 
d-{(MeO)fr)TpTpTpTpCKEt (0.168) 
d-((MeO)Tr]Tp(Tp)«TpCKEt (0.0138) 
d-|(MeO) t Tx)ibuGpibuGpTOAc (0.0153) 
d-f <MeO),TrjbzApbxApb*AOAc (0.023) 

<H(MeO),Tr|bzAptaApbxApbzAOAc (0.031) 
d-{(MeO) t Tr|ApbzApibuGpbzAOAc (0.0029) 



16 
42 
50 



24 
17 



Table II: Ultraviolet Spectral Properties and Chromatographic Mobilities of Protected Olieodeoxynbonucieosidt Methytphospharutes 



oligomer 



UV spectra" 



(nm) 



(nm) 



silica 'ftfTUCRf* 
in MeOH-CHCl, 



calcd obsd calcd obsd 5% 10% 



15* 



silica eel 
HPLC* 

retention 

205 lime 'rr.Lv 



» 



d.[ (MeO)Tr] TpTpTpTpCNEt 

fr[(MeO)Tr|Tpajp),TpCNEt 
d-((MeO) 1 Tx]ibuCpibuGpCKEt 



d-((MeO),Tr|ibuGpbzAOAc 

d-ibuGpbzAOAc 

d-[ (MeO),Tr J ibuGpibuCpTOAc 

dr{4MeO),Tr)bzApb£ApbzAOAc- 



d*((McO),Tr] bzApbzApbiApbzAOAc 
d*((MeO) } Tr]bzApbzApibuQpbzAOAc 



265 

235 sh 

265 

238 

253 
, 260 

280 

235 

278 

260 

280 

240 sh 

260 

275 sh 

234 

-280 . 

233 sh 

280 

235 sh 

280 



243 1.34 Ul 1.55 1.64 - 



0.08 



243 
225 
245 
256 
270 
256 

239 
267 
228 



227 
255 
253 

255 



1.75 
1.19 



0.82 
1.63 
1.34 

0.66 
0.71 
0.89 



0.92 
1.05 



0.75 
1.27 
1.51 

0.61 
0.60 
0.74 



U7 
1J3 



0.88 
0.90 
1.38 

0.59 
0.59 
0.73 



1.56 
1J2 



0.87 
0.90 
1.45 

0.59 
0.60 
0.75 



0.00 
0.16 



- 0.29 

0.18 
0.14 

- 0.18 



0.41 
0.38 



0.55 
.0.53 
0.31 



0.15 0.44 



0.29 
0.13 



19.2 



12J 

15.5 
17.6 
16.0 



13.4 
14.3 
19.3 

23.8 



a Measured in 95% EtOH. 6 E- Merck silica gel 60 F 1M sheets, 0.2 mm thick. e HC PeUosil (2.1 mm X 1 m); 0-20% methanol in chloro- 
"orra; 1 mL/min; 4f>mL total volume. 



sy transformed Syrian hamster fibroblasts was determined as 
jreviously described (Miller et al„ 1977). 

Effects of Oligodeoxyribonucleoside Methylphosphonates 
in Colony Formation. (1) E. colL £. coli B was grown in 
Vf-9 medium (Bollc et al„ 1968) supplemented with glucose 
jtt g/L) and 1% casamino acids. The cells were harvested 
Rnid-log phase and resuspended in 50 uL of fresh medium 
:ontaining 0-160 mM oligomer at a final cell density of 1 x 
[0 4 cells/mL. The cells were incubated for 1 h at 37* °C and 
.hen diluted with 0.9 mL of medium. A 0.8-mL aliquot was 
idded to 2.5 mL of 0.8% Bactoagar at 45 °C This solution 
vas quickly poured onto a 1 00- mm plate containing solid 1.2% 
3actoagar. After solidification* the plates were incubated 
tvernight at 37 °C and the resulting colonies were counted. 

(2) Transformed Syrian Hamster Embryonic Fibroblasts 
BP-6) and Transformed Human Fibroblasts (HTB1080). 
Zolony formation by the fibroblasts in the presence of the 
nethylphosphonate analogues was carried out as previously 
lescribed (Miller et aU 1977). 

lesults 

Synthesis of Oligodeoxyribonucleoside Methyl* 
mosphonates. The synthetic scheme used for preparing the 
tligonucleoside methylphospbonates followed the basic ap- 
iroach used to synthesize dideoxyribonucieoside mcthyi- 
ihosphonates (Miller et al., 1979). Suitably protected mo- 
nomers or oligomer blocks earning a 3'-terminal methyl- 
•hosphonate group were condensed with protected mono- or 
ligonucleotides bearing a free 5'-.hydroxyl group. Mesityl- 



enesulfonyl tetrazolide (Stawinsky et aL. 1977) was usee ;.* 
the condensing agent. The fully protected oligomers were 
purified by silica gel column chromatography. The reaction 
conditions used and the yields obtained are given in Table 1. 
The oligomers were characterized by ultraviolet spectroscopy, 
thin-layer chromatography, and high-pressure liquid chro- 
matography as indicated in Table II. 

The protecting groups were removed as previously described 
(Miller et al., 1979). In the case of the deoxyadenosine- 
containing oligomers, the ^-benzoyl groups were first remsvrM 
by treatment with hydrazine hydrate (Letsingsr et a!.. ! r~ ' 
The remaining 3'-0-acetyl and S'-O-dimethoxytrityl grouri 
were removed by sequential treatment with ammonium h>- 
droxide and 80% acetic acid. The oligomers were purified by 
preparative paper chromatography and were characterized by 
UV spectroscopy (Table III). 

Interaction of Oligodeoxyribonucleoside Methyl* 
phosphonates with Complementary Polynucleotides. Table 
IV summarizes thhe melting temperatures of complexes 
formed between oligodeoxyadenosine methylphosphonate? zr.z 
poly(U) or poly(dT). For comparison, the melting t err. re:-- 
tures of complexes formed by oligodeoxyribo- and oiigor.ro- 
adenosines are included. Each oligomer forms a triple-stranoes- 
complex with a stoichiometry of 2U:1 A or 2T:1 A. The melting 
temperatures increase as the chain length of the oligonucleotide 
increases. For a given chain length, the complexes formed o> 
the methylphosphonate anaigoues melt at higher icm V c ?™ r ?* 
than those formed by the natural dicster oligomers. * itn t 
exception of r-ApApApA. the complexes formed by the o • 



0 .,C NUCtE.C ACID METHYLFHOS PHON ATBS . ^ ryi ^_ 




. i_ , iat\ have sliehtly higher melting tempera- 
gomen with poly(dT) *2Sonfoniied with polydO- 
cures than the cor«po^»^ S.unfracSonated 
- ^interaction ^-°^£rium dialysi^Miller et aL 

binding constants «^jT r p £5£5^. G"(Et)- 
methylriboohgonucle^de ethyl pnosp p , 

GTErtPHIU. wh eh are 9300 M (0 

Oplfctn , _ aC . (Miijer « aL, 1977). 

Three «miw acids »ere <esiea ?' ™ -kM, art comptaocn- 
havt the toretsi inhitmi ry en. ■= .id, increasing 

experiments are given « Table vi. w kk > 

nylalanine i'«^ 1 5^ P J^^«i methyl- 
poration are both inhibited b> 0 »8°^ 0 *- 2 , . c the 
phosphonates and diesters tn the £. jwft s>«^ « ^ and 
Percent inhibition increases with ol cha ^ ne inethvl- 
h greater for polyphenylatamm L^S^^Ln either 
phosphorate analogues are more effective inniou^ 




. 4 «i.» the same concentration, 
message was observed. As in tbeca« im - b oli . 

radioactive 100 M M d-GpG/j *™^ ng in monolayer. 
Syrian hamster embryonic ^^.^TJJ ' lhe nr$l hour 
l£ incorporation Sncemration of 

and begins to teve of [after \JS h. ^ fc 

Cells were incubated with 2 V.^ cSuSe washed with 
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Table VII: Effects of Oligonucleotide Methytphojphonatej~on 
Colony Formation by Bacterial and Mammalian Cells in Culture 

% inhibition' ' 



Tim* (br») 



ncuu 1: Transport of (O) 100 mM d-GpGp[ 3 H]T and (•) 100 mM 
d-(Tp)t( J H]T into transformed Syrian hamster fibroblasts growing 
in monolayer at 37 *C. 

imately 30% of the total radioactivity from the lysate was 
^ound in CljAcOH-precipitable material. The DNA was 
precipitated from the lysate and digested with deoxyribo- 
nuclease and snake venom phosphodiesterase. The culture 
... medium, the DNA-free lysate, and the DNA digest were each 
examined by paper chromatography. Only intact d-GpGp- 
[ 3 H]T was f ound in the medium. Radioactivity cor r esp o n ding 
to ( 3 H]TTP (6%) and to d-GpGp[ 3 H]T (94%) was found in 
the lysate, while the DNA digest gave [ 3 H]dpT and [ 3 H]dT 
as products. 

Similar uptake studies were carried out with d-Ap[ 3 H]T 
and with a series of oligothymidyiate analogues, d-(Tp) )I [ 3 H]T 
(n = 1,4, and 8). The rates and extents of uptake of these 
analogues were very similar to that of d-GpGp[ 3 H]T (Figure 
1). Examination of the culture medium and cell lysate after 
overnight incubation with these oligonucleotides gave results 
similar to those found for d-GpGp[ 3 H]T. 

Effects of Oligodeoxyribonucleoside Methylphosphonates 
on Colony Formation by Bacterial and Mammalian Cells. 
Hie effects of selected oligodeoxyribonucleoside methyl- 
phosphonates on colony formation by £. coli B, transformed 
Syrian hamster fibroblast (BP-6), and transformed human 
•problast (HTB 1080) cells are summarized in Table VII. 
^he d-(Ap)^ analogues appear to inhibit £. coli colony 
formation at high concentrations (160 uM). However, no 
inhibitory effects on the incorporation of [ 3 H]leucine into 
cellular protein or [ 3 H] thymidine into cellular DNA could be 
detected in the presence of these compounds. 

Colony formation of both transformed hamster and human 
cells are inhibited to various extents by the oligonucleotide 
methylphosphonaies. Both the hamster and human cells ap- 
pear to be affected to a similar extent by a given analogue. 
It appears in the case of d-ApA that each diastereoisomer 
exerts a different inhibitory effect on the growth of the hamster 
cells. As in the case of £. coli, no inhibition of cellular protein 
synthesis could be detected. 

Discussion 

Oligodeoxyribonucleoside methyl phosphonates with se- 
quences complementary to the anticodon loop of tRN A Ly * and 
to the -ACCA-OH amino acid accepting stem of tRNA were 
prepared in a manner similar to that used to prepare di- 
deoxyribonucieoside methylphosphonates (Miller et al M 1979). 
The present studies demonstrate the ability to join blocks of 
protected meihylphosphonates to give oligomers with chain 
lengths up to nine nucleotidyl units. The yields in these 



oligomer 


£. coli B 

50 160 
mM M M 


BP-6, 
50 mM 


HTB 1080. 
50 mM 


d-ApT 


4 


5 


5, 16 6 


12 


d-ApA 


8 


58 


6, <1 6 


5 


d-ApApA 


3 


44 


29 


31 


d-ApApApA 


19 


78 


36 


19 


d-GpCpT 


7 


11 


7 


9 



• The results are the average of two or three experiments. Each 
experiment consisted of two plates (bacterial cells) or three plates 
(mammalian cells). The average variation is ±3% in percent inhibi- 
tion. The cells were treated with and grown in the presence of 
the oligomer at 37 *C * The percent inhibition of isomers 1 anc 
2, respectively. 

condensation reactions are acceptable, although reactions in* 
vorving deoxyguanosine residues appear to pi meed m low yield. 
Similar difficulties have been encountered in the syntheses of 
oligonucleotide phospbotriesters. Unlike the dideoxyribo- 
nucleoside methylphosphonates previously reported, the oli- 
godeoxyribonucleoside methylphosphonates p r ep ar ed for this 
* study were not resolved into their individual diastereoisomers. 

The oligodeoxyadenosinc analogues form triple-stranded 
complexes with both poJy(U) and poly(dT). These complexes 
are more stable than similar complexes formed by either ol- 
igoribo- or oKgodeoxyribonudeotides. As previously suggested 
for oligonucleotide ethyl phosphotriestcrs (Miller et aL, 1971, 
1974; Pless & Ts'o, 1977) and dideoxyribonudeoside me- 
thylphosphonates (Miller et aL, 1979), this increased stability 
is attributed to the decreased charge repulsion between the 
nonionic backbone of the analogue and the negatively charged 
complementary polynucleotide backbone. With the exception 
of r-ApApApA (Table IV), the stability of the complexes 
formed with poly(dT) are slightly higher than those formed 
with poly(U), a situation which is also observed for the in- 
teraction of poly(dA) with poly(dT) and with poly(U) 
(Chamberlin, 1965). The lower stability of the (r-ApApA- 
pA)-2[poly(dT)] complex is also reflected at the polymer leveL 
Thus, under the conditions of the experiments described in 
Table IV, we found that the T m of poiy(rA)-2[poly(rU)] is 
83 °C while the T m of poly(rA).2[poly(dT)] is 59 °C These 
results are consistent with those of Riley et al. (1966). They 
observed that formation of the poly(rA)-2[poly(cm] complex 
occurs only at a sodium ion concentration of 2.5 M i~ tr- 
absence of magnesium, while poly(rA)-2[poly(rU)] forms :r. 
0.1 M sodium phosphate buffer. 

The oligodeoxyadenosine methylphosphonates and their 
parent diesters selectively inhibit cell-free aminoacylation of 
tRNA&tf. The extent of inhibition is temperature dependent 
and parallels the ability of the oligomers to bind to poly(U). 
These observations and the previously demonstrated interaction 
of r-ApApApA with IRNA&* (Mdller et aL, 1978) suggest 
that inhibition occurs as a result of oligomer binding to tr.e 
-UUUU- anticodon loop of the tRNA. The reduced inhib- 
ition observed with d-ApApGpA is consistent with this ex- 
planation, since interaction of this oligomer with the anticodon 
loop would involve formation of a less stable G-U base pair- 

Recent studies by Ramberg et al. (1978) have shown that 
the rate of aminoacylation of tRNA^,, substituted *;> lh -| 
fluorouracil is considerably lower than that of nonsubstituied 
tRNA^. The increased >:„ of the ^fluorou^acil-subslituted 
tRNA suggested a decreased interaction with the lysyj 
aminoacyl synthetase. These results and those of Saneycsn: 
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. Sishimura (1971) suggest that the anticodon loop of 
*^.iL« ^ part of the synthetase recognition site. Thus, 
inhibitfoT of aminoacylation by the oiigodeoxyribonucieoside 
Lthvlphosphonates could result from the reduction in the 
affinity of the synthetase for tRN A L ^!igonucieotide com- 
Dlexes The greater inhibition observed with d-ApApApA*vs. 
ihe diesters, d-ApApApA or r-ApApApA, may result from 
greater binding of the analogue to the anticodon loop er to 
the decreased ability of the synthetase to displace the nonionic 
oliconudeotide analogue vs. the phosphodicster oligomers* from 
the anticodon loop. Alternatively, oligomer binding to the 
anticodon loop could induce a conformational change in the 
tRNA, leading to a lower rate and extent of aminoacylation. 
Such conforrnatibnal^ detected w.hen r- 

ApApApA binds to iRNA&* (Moller et al., 1979; Wagner 
& Garrett, 1979). 

None of the oligomers have any effect on the aminoacylation 
of tRNA}&m m acell-free system. Since the anticodon regions 
of tRNAs from bacterial and mammalian sources probably 
are similar, the oligo(A) analogues are expected to interact 
with the anticodon region of both tRNA Lyr s. The failure to 
observe inhibition of aminoacylation of tRNA^fc, in the 
presence of these oligo(d-A) analogues suggests that there may 
be a difference between the interaction of the lysine aminoacyl 
synthetase with tRNA L * from £. coli and from rabbit systems 
' or a difference between the structure of these two tRNA Lyr s 
in response to the binding of oligo(d-A) analgoues. 

Tnc triroer, dGpGpT, inhibits both phen>ialanine and lysine 
aminoacylation at 0 °C"tut has little effect on leucine ami- 
noacviation; The aminoacyl stems of both IRNA&* and - 
tRNAgU terminate in a G-C base pair between nucleotides 
1 and 72. while a less stable G-U base pair is -found at this 
position in tRNA&f (Sprinzl et aL 1978). Thus the observed 
differences in inhibition of aminoacylation by ti-GpGpT may 
reflect differences in the ability of this oligomer to bind to the 
different -ACC- ends of the various tRNAs. 

Inhibition of lysine aminoacylation by dGpGpT is very 
temperature sensitive and parallels the decrease in binding to 
tRNA with increasing temperature. This behavior of d- 
GpGpT contrasts that of Gp(Et)Gp(Et)U (Miller et al., 
1977). Although both oligomers can potentially interact with 
the same sequences in tRNA, the 2'-0-meihylriboirinucleotide 
ethyl pbosphotriester binds more strongly and iribre effectively 
inhibits aminoacylation. The differences in binding ability may 
be due to overall differences in the conformation of the de- 
exobo vs. 2'-0-methylribo backbones of these oligomers. 

The oligodeoxyribonucleoside metbylphosphtmaies effec- 
tively inhibit polyphenylalanine synthesis in cell-free systems 
derived from both £. coli and rabbit reticulocytes. In the £. 
coli svstem. the extent of inhibition by the oligodeoxyadenosine 
analogues parallels the T m values of the oligomers with 
polv(U). The letramer. d-ApApGpA. which would have to 
form a G-U base pair with poly(U), was 4.5-fold less effective 
than d-ApApApA. These results suggest that the oligomers 
inhibit polypeptide synthesis as a consequence of forming 
complexes with the poiy(U) message. A similar inhibitory 
bv poly(dA) on the translation of poly(l') was observed 
by Williamson et al. (1967). It is unlikely that inhibition 
results from nonspecific interaction of the methyiphosphonates 
v »th protein components of the translation systems. In the 
E. coli system, poly(A) translation is inhibited to a lesser extent 
than is translation of poly(U). while in the reticulocyte system, 
no inhibition of globin mRNA translation is observed. 

The data suggest that the magnitude of inhibition of poly* 
*l i-directed polypeptide synthesis in the £. coli system does 
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not reflect proportionally the ability of the oligomer to bind 
to poly(U). Although the oligomer pairs d-ApApA/d-ApA- 
pApA and d-ApApApA/r-ApApApA form complexes with 
poly(U) which have very similar T m values (see Table IV). 
in each case the methylphosphonate analogues inhibit 5 
times better than do the diesters. This stronger inhibitory 
effect could result from a decreased ability of the ribosome 
to displace the nonionic oligodeoxyribonucleoside methyi- 
phosphonates from the poly(U) meassage, or, alternatively, 
there may be a degradation of the oligonucleotides (phos- 
phodiesters) by nucleases in the cell-free translation systems 
but not the corresponding phosphonate analogues. 
Experiments with radioacuveiy labeled oligonucleotide 
~ methyiphosphonates show that these analogues are taken up 
by mammalian cells growing in culture. The extent of uptake 
is consistent with passive diffusion of the oligomer across the 
cell membrane. Both d-Tp[ J H]T and d-(Tp),( 3 H]T are taken 
up to approximately the same extent, which suggests that there 
is no size restriction to uptake over this chain length range. 
This behavior is in contrast to results obtained with £. coli 
B cells (K. Jayaraman et al., unpublished results). 

Examination of lysates of mammalian ceils exposed to la- 
beled oligomers for 18 h showed that -70% of the labeled 
thymidine was associated with intact oligomer with the re- 
mainder found in thymidine triphosphate and in cellular DN A. 
' These observations indicate that the ohgodeoxyribonucleoside 
methyiphosphonates, which are recovered intact from the 
culture medium, are slowly degraded within the cell. Failure 
to observe shorter-oligonucleotides-and the known resistance 
-of the-mcthylphosphonate linkage to nuclease hydrolysis 
suggests that degradation may result from cleavage of the 
3'-terminal [ J H]thyrnidine A'-glycosyl bond with subsequent 
reutilization of the thymine base. 

The uptake process of the oligonudcoside methyi- 
phosphonates is quite different from that of previously studied 
oligonucleotide ethyl phosphotriesters (Miller et aL 1977; P. 
S. Miller et al., unpublished results). In the case of 
G™(Et)G™(Et)[ 3 H]U, the oligomer is rapidly taken up by the 
cells and is subsequently deethylated. Further degradation 
to smaller oligomers is then observed, presumably as a result 
of nucleasc-catalyzed hydrolysis of the resulting phosphodicster 
linkages. Approximately 80% of the oligomer is metabolized 
within 24 h. Although the rate of uptake of d-Gp(Et)Gp- 
(Et)[ 3 H]T is similar to that of d-GpGp[ J H]T, examination 
of the cell lysate showed extensive degradation of the phos- 
photriester analogue. The relatively long half-lives of the 
oligodeox>Tibonucleoside methyiphosphonates may be of value 
in potential pharmacological applications of these oligo- 
nucleotide analogues. 

The effects of these analogues on cell colony formation 
confirmed that the methyiphosphonates are taken up by both 
mammalian and bacterial cells. All the oligomers tested in- 
hibited colony formation of both cell types to various extents. 
The mechanism(s) by which these compounds exert their in- 
hibitory effects is (are) currently under investigation. No 
decrease in either overall short-term cellular protein synthesis 
or DNA synthesis was detected by the present procedure in 
the presence of these compounds. This does not rule out the 
possibility that the syntheses of certain critical proteins are 
perturbed by these oligomers. We are currently studying this 
possibility by examination of the cellular proteins using two- 
dimensional gel electrophoresis. 

The experiments described in this paper extend our studies 
on the use on nonionic oligonucleotides as sequence-function 
probes of nucleic acids both in biochemical experiments and 
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in living cells. In a future publication we will describe the 
effects of an oligodeoxyribonucieoside methylphosphonate 
complementary to the 3' terminus of I6S rRNA on bacterial 
protein synthesis and growth (K. Jayaraman et aL, unpublished 
results). Our results suggest that sequence-specific oligo- 
nucleoside methylphosphonates may find important applica- 
tions in probing and regulating nucleic acid function within 
living cells. ' * 
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SYNTHESIS AND BIOLOGICAL ACTTVTtv <->p 
SOME ANALOGUES OF WcKs' 
COMPONENTS 

A. Holy 

of Organic Cheminry and Biochemistry. Gecho.W >, , 

Abstract 



c) phosphoaonoestiir and DhoaohoHf-,,* J 5 " nUcleotidB ««s end 
Acyclic PH-^..?.^":^^^.!^ 



th.»r po.Mbl. W lu„i.„ for th. "l,~rj«^",! f ,UCh ""loS"" •>* 

the removal of contaminants ±1 iiJfLS" 'S* au PP«"*« coluan a „d. after 
sociata the coapl.xea iSColved' lllcllt J£ V COndl ^»n« "hich XL 
Per nucleases. 8ati»f acro rv^eaulrrh V 0nic "•"•ngth. pH etc l 
t- enaloguee aa active UgJnS 8 ?} I, a ^ e b S!^? btaineS ^lopAoepha- 
polyner support requiree the arltltll « bl "«*lng of en analogue to ■ 

such a linkage must not affaer %£. f *?i nk : the r8 «cti 0 n leadino to 

Xn our p P a S e c r Ii:r 9 V !h » ^P-^^tSr 6110 ^ " «»- 51!° 

«ycea auraofeci.ns^crxS^o^tVaoil? 9 " ich /^onucloaae Srrepto- 
of 3-guanylic end 3-inoainic a«d ra fP 11 *^ 8 " Really the eater bonda 

oniy. it was P098ibla t predict that rhf o*f-»*f "m*"* derivatives 
aenaa B, lght Bxnlbit inhibitory »«fM * (3 h^iophosphatea of this 

nave sriown that any change of thi« V 4n ' act (Preliminary atudiea 

the only other poaition lef? fir 8 h P "i """l™ loaa of affinity" #41 

foraer nuclaoaide derivative ti ihS 1 ^ 1 " 9 0f 80 ■■*™«i«vf«S8. of the 
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RNAse Str,aureofaciens 
( Ino. Guo-specif ic) 




NH(CH 2 ) 6 NH 2 ♦ 
I AH-Sepharase 4 B J 



activation without desulfurisation 
HOOCCHjO-^^^x 

0 OH 

l 

(0)S = P-OH 
OH 



H 2 N 



CNBr- Activated 
Sepharose U B 



OH 



Scheme 1 



o 

i 

5=P-0H 
I 

OH 



S(O) 

HO-P-o-,/°\ H x 



OH 



CHjO^COOH 



oh y yJ/^ 

HO OH 



Schene 2 

"ng group, the material obtained was purified by anion Xchln2 

Tha5 l fi d if"b8titutod derivative was minimal under the condition* employed 
The 5.0-carboxvmethyl derivative was transformed co a 2 f3 l-nhLnhitS 

man to cne 2 (3 -thiophosphate by the elegant method of Ham il\ 7 . 
raactxon with tri.othylailyl chloride and eClfur (Sch«e 3)? ( } ' ' " 
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HO 



0 V Hx 



ClC^COONo 

2 NoH 
(DM50) 



H00CCH 2 0-^°N^ 



HO OH 



Hx = hypoxanthine 



PiOEtl 3 



H00CCH 2 O--w^N^ 

0 OH 

I 

S=P-0H 

I 

OH 



Me 3 SiCl 



Et 3 N ( S 
Icf. Hato) 



HOOCCHp-^/ 0 ^ 



0 OH 

I 

0=P-H 

I 

OH 



Schena 3 



0 OH 



S = P_0H f s 

Ah 0 0H 



CICOOEt 
Bu 3 N 



°v° 



by soluble carbodiimidefpH 6) 
orTPS/Py 



R - H/CH 2 COOH 
Hx = hypoxanthine 



Schema 4 
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hydroxylase " lie ilS'SSIlR' Jhe 2lfS fl'HE? ° f i nei 9 h *»ourlng 
under the a.'jSeyclie pho!phe» ?JS.tSn! JI* XeIEUfuS'£2h2- • ■ 
de S this reaction is complete within few minutes It aS a * f!^" 0 ?""" 

as a model compound (Scheme 4). SurprSInolC "f\,a 9 ( founJ iSK°ff h-t ! „ 
-anhydride method with ethyl chlarofo™«2 i in, -«? f t 0 d ^ at tne "i«d- 

papers (12.13) and is P therafore ajolicable lltZ fit t" P revlo " a t 

«3;"ic a ??i-? h :hrT fo ^ tion te th9 a^a'SW*?! is. 2iss: 

Th- #i« i i )-thioph 08 phata occurs similarly as in the Scheme 4 
slphaJosi. Pr ° dUet 19 re " dy f ° r bindi "9 t0 5he ^-nog.n.oro.Id2!act^ated 

0 Hx 

H00CCH 2 0-n / nQ^ i P . nitropngnottDCc HaNlCH^jjNHCOCHjO-T/ 0 ^ 

'ymJf 2.NH 2 (CH 2 ) 2 NH 2 " •\ej»m/ S 
0H0H 0h6h 



HjN ( CH 2 ) 2 NHCOCr^O ^/^^ 



Hx = hypoxanthine 



0 OH 

I 

S=P-OH 

I 

OH 



Scheme 5 



natiJilw U! 1 !^ 818 P^P*™* h *ve been linked to the corresponding support 
was tillL X t K e .k SU f 1 P rocedur "S and their affinity towards thelnzymV 

S! are^SSaS^iflieJ^^La^e^^^TSSlS 1°' ^ 
oS"^ 

the L*r r !, aCl i V8 * a " I h * P h08 P hate containing aoleculea. It seems that 
^osJSr 2 '^'T%hf t0 : iaX K t8 ^Pharoae loaded by S-Uj-carboxymethyl- 
rill )-thiopho3phete (or 2.3-cyelothiophosphate) , At the sane 

ri i. ? 8 dlff fences mentioned eonfir. that the affinity cannot be due 
th. .Srf^f ex f n f"9 er character of the modified Sepharose. However, since 
IrlJl Va°S* 1 f ? 6tor9 (retardation of inactive proteins recover; of 
n^£! and/or release of contaminating pigments) are of importance in the 

?u"Je^ a Jn;e V s^;aJ 0 io n ;. the ,i08i Ch ° iC9 «' 9 * 
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Ligand 



Sepharoee 48 



S-CM-Ino-p 
5-CM-Ino-p S 

2,3-LfivIMP 8 

IMP 3 "( P-*«i "©phenyl ) 



Binding 



strong 
medium 
strong 
medium 
nediun 
weak 



- e # * rM a'* t xno5ine s-thiopho- 

The idea of nucleotide analogues real « a „r , j u 
phorylating en2y.es was followed far Ull ~ towards th « action of dephos- 
The compounds investigated include nuSfl^ftr V" vari °"6 laboratories, 
alkanephosphonetes (ia!5Ii. Kiro"vT?S? 0 !i? P^aphitee (7. 15-17). 
5-deoxynucleoside pnoephinates fll!^! J nd """"^""Phoaphonataa (23) 
Phosphate analogues rg.li 30.34$ nlll ~? r l 8lroad y "entloned thiol 1 
significant inhibitory aciivSv^cSrV! I"" 8 " C0B P°»"<*» aleo exhibit 
of our work we have bean «EuLJed S'rh! r if , !J enjt *" 8 ». the course 
of Pho.pho.onoea^r.2; c!n S S ! r e « ndin! U 35 > ' hat tha '"Ponse 
or abaance of an oxygen ttom in ?nS vicfnitj of B hISh tBd "V* 8 P™-«o. 
a decrease in inhibitory activity bet«-n !L ° ,P ho8 P h ° r "» thus causing 
phoephonatee. Therefore: ^ undertaek^h. a "V^ aryi )p hoaphatee and 
analogues derived fro. nva> B xv«»rh 2 I «ynthesia of novel nucleotide 
leoside moiety bound b v a ^0™^ W 0 ?^ 0 ^? acid ^ntainxno the nuc- 
hydroxyaethyl groupT The riactfon .2^!i? ) * eta5 i - 8th8r « tho 

of ^ 5-i J»er^ „nsl«. °n"^ synthesis, (Scheme 6, 

dene darivativas nith diaodiua Salt of -hi?"""^"^ 8 a^iaopropyli- 
The reaction is best ™ .LS 8a .5 of = hloroBec haru>phospho.nic acid 
rhe compounds c^nK , SSTaE J? Jf«" 5"f"-. >" sulfoxide : 

excess of sodium hvdride t« (uracil, hypoxanthine) require 

hydroxyi group" A?«r ™ovel Tt tna h " " uc 9e P hi l" anion of'rhe si 
ducts are isolated by the usual ±1* a^f 0 " 1 " 9 E rou P ac P H 2 ' tha P«"0- 
at 5' can be achieved also SJh eyUdKl'Und It?***"**! Th " 9u P«itutlon 
or without protection of Che exofalina fJlrl- 8den ° 9ine derivatives with 
simultaneous substitution at M3\ lr Sri, nctxon : h «»«var, dua to the 
the requirod products are " Jind U3 ' r86 P 8ctiv ely. some losses of 



HO 



0. B 



V 



0 

n 

SNoH * OH IX S 

IDMSOJ . 

HO OH 



B = "wei^cytosin^adenin^patanthine 

RESISTANT AGAINST : 
bacterial PMase 
snake venorn 5-nucleotidase 
bull semen 5-nucleotidase 

Scheme 6 
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conftr.ed. On the other hand, they behave like v£rv n«*^ 8e8) "** fuilv 
inhibitors of the two latter ensvnea The da*! ?°! 8nt e <»«»petltive 

-enter... the inhibitory action Ff ** r l.\?VJA°?* 1 : 1 °* A " Table 2 de- 



th 
o 

al 



lubatrate and inhibi t on . ' r9T9rr9 < i l ° ««• concentration of" " 

s^'rsW^ ° %n st.^ co h nd?;; le9u v uii v inhibit. 

T<,b18 2 * iffiSjS:? ° # ^P^aphorylation by nucleotide 



5-0-Pho sphor ylma t hyl 
derivative of 



3 -5.6Sxiq-3m a-ie.gsxio-Si 



Snake venoa S-nucleotid.a. 




0 

n 

H0-P~CH,0 

I 

OH 



HO OH 



DCC 



O v A 



O-P — 0 OH 



OH 



RESISTANT AGAINST: 

dog heart 3;S'-cPDAse 
spleen cPDAse 
pollen cPDAse 



Scheme 7 
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the adenosine derivative with n , r ayn ? hese!,: tha re »ction of 

pyridine solution resuUs *J e&^SSSl'?liS:l H, iJ 1 !I ld " in dilU " 
aaven-me.bered cyclic phosphonete rina 9 Thii containing B 

tent towards the^AMP-JhosShSSIesterefe fr£ 13 qulte resl9 " 

to«ards other phosphodiesterases "r!* .2 d ° 9 , heart " wo11 aa 
under investigation ' Ita further *"Plle»tiana ere now 

pho^S.^^ Performed via classical 

satiin with uridine enaloaue ?nl 2 .f- d *-0-t»nzoyluridlne on conden- 
hanolysls. affordTrhs presence of TPS. followed by net. 

tic RNAae . T2 -RNAse? but lL2 I„!? lv a 9? inat rlbonucleases ( e »ncrea- 
venoe) phosphodieaJeAaSes 99e4n " 3 * a Pl«") or sf (anake 



HO OBz 



II 



OH 



0. U 



HO OH 



TPS 



HO 



0 OH 
0=lj>-0H 
CHjO 



HO OH 



RESISTANT AGAINST : 

RNAse A 
RNAse T2 
spleen PDAse 
snake venom PDAse 



Scheme 8 



or a-aipnospnates, are now under exhaustive investigation. 
_. . 3 - OPEN-CHAIN ANALOGUES OF NUCLEOTIDES 

(dlSvSSirSf nu' c ?^ n " Ch ?H n anal00 " 89 of nucleic acids "-ponente 
ic±e eha&n? h.I £^ 4 8Cid8 ba !, BS boarin 9 hvdroxyl-containlng aliph- 
lllra ±n ELm"^? investigated in this Laboratory in the relent P 
?le\ Th» ?p 3 * l hypothesis of alninua necessary similarity 

guai'JSht aC?f?Le„t a v°^« 1S 7° rk ^ th " » S «»P«°" that Leh USS^ 
2nd»r 7h- \! : nt l y dlffer fr »« **>e natural metabolites to be stable 

■«r»h«iiL !2 i ? ts .°! ? thar e "«V"es involved in the nucleic acids 
xlin Zl^ll dl6 2 lay inh * bt t° r Y or substrate activitiee. This assuap. 
"88 confirmed by preliminary studies on some enzymes t37\ and 

two c V ;«S V o eC ri ! indlno 91 8 *««>3tantial antiCirS activity of 

fSl Trti STfi! ?; , I"5r d :2? vethvlcxy T e i hyl >9 uanin8 CacycloguanoalnJ-) 
i_7L e ™. 9 ~l 3 )-<2.3-dlhydroxypropyl) adenine { -S-OHPA'X 39.40). Also 
sturol hypoeholesterolemlc agent)(4l) and 9-erythro- 
nyl) adenine f "EHNA* . » .A..!..* ; _ 



^'SwriCf. k a nat Vr°i nypocnoiesterolemlc agent )( 41) " and 9-erythro. 

rnhr o i«^ y :^ n Srr 1,ade04n 1 e • Powerful adenosine deaminase 

inhibitor) (42) belong to this category. 
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enontioeeric pairs (Sche.e 3). The synthesis of parent "nuclelUS! 
analogues- has been already described elsewhere (43) nucIO °aide 
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Theee procedure^weVe* 9 " r C" P^ o ?P h 0»onoe 3 tere mentioned (Schwa 
uracil and adenine The SrTli-?^ 1 " Xm> 9eries of eompounds. derived'fro. 
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further examinations were henceforth £rri«2 ! series and the 
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3,'^cyclic ioJhlS: tSSS^ 2'«E Iwo^^vtZr^VV** Z '' 3 ' ■»* 
neric series was examined with ««« 11 ("rythro and threo) enantio- 
(The enzyme U66d was ia^l-t.H B ^ n "2 peClflC r ibonuclease T2 (Aap.oryzae* 
finally ZrtSS bTliSScJiJ^eSlL* 0 ^'" previaU8 ■»•*•* <&) ^ 
traces of Tl R ^ and pU^oSe^ 
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The kinetic measurements performed so far 
are su.marizad in Table 3. The I con«an« 
Lineweaver-Burke plot, are very % 
the K a value can be regarded as a « 
the compounds tested exhibit if flnlE'IEt! 
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Antisense Has Growing Pains 

Efforts to develop antisense compounds as therapies for cancer, AIDS, and other diseases 
have encountered some unexpected questions about how the drugs really work 



When Science named the gene-blocking tech- 
nique known as antisense technology run- 
ner-up for its 1992 "Molecule of the Year," 
the accolade seemed well deserved. At the 
time, the technology appeared to offer a promis- 
ing way to turn specific genes on or off* at will. 
And that had made it potentially a powerful 
cool for uses ranging from fundamental mo- 
lecular biology to the development of phar- 
maceuticals. Indeed, firms, both new and es- 
tablished, were rushing to exploit the tech- 
nology to produce novel, rationally designed 
drugs for treating conditions ranging 
from genetic diseases to viral infections, 
including AIDS, and even cancer. f 

But during the past few years, the 
technique has run into unforeseen |: 
problems, and some of that early gloss * 
has begun to wear off. Although sev- fc;' 
eral clinical trials have already begun, | \- 
and there have been some promising 
results, researchers have encountered 
difficulties in getting antisense drugs — 
usually short pieces of DNA (called 
oligonucleotides) that have been de- 
signed to recognize and bind to specific 
genes — into target tissues. And poten- 
tially toxic side effects, including de- 
creased blood clotting and cardiovas- 
cular problems such as increased blood pres- 
sure and decreased heart rate, have shown up 
in animal studies that have served as the 
basis for early human trials. But the biggest 
concern is that antisense compounds simply 
don't work the way researchers once thought 
they did. 

"The assumption is that we are designing 
oligonucleotides that don't interact with, 
anything besides [their targets], 11 says Cy 
Stein, an assistant professor of medicine and 
pharmacology at Columbia University's 
College of Physicians and Surgeons in New 
York City. "Many people are worried that a 
lot of the positive effects reported are not just 
antisense but other nonantisense mecha- 
nisms as well." 

This uncertainty about what antisense 
drugs are doing inside the body has caused 
some experts in the field to argue that clini- 
cal trials have begun far too soon. "It is too 
early to take these things to human beings . . . 
when we don't even know how they are 
working in a test tube," contends Rama- 
swamy Narayanan, who studies antisense 
drugs at Hoffmann-La Roche Inc. in New 
Jersey, but is not involved in any of the trials. 



Others argue that even if the basic re- 
searchers haven't yet worked out the drugs' 
mechanisms of action, clinical trials are jus- 
tified as long as the compounds show signs of 
efficacy. "As a clinician, what matters to me 
is if the drug works," says Jeffrey Holt, a pa- 
thologist at Vanderbilt University in Nash- 
ville, Tennessee, who is currently trying to 
use antisense DNA to fight advanced-stage 
breast cancer. "In medicine, people give 
drugs that we don't know the mechanism 




No RNA 



No protein 




Holding on. In an untreated cell (left), a gene's double- 
stranded DNA is transcribed into RNA, which then makes the 
protein (green). Antisense drugs (yellow) are supposed to 
block this, by binding to the gene {near right) or the RNA (far 
right). But do they? 



for." As one example, he cites aspirin, whose 
mode of action was not understood until 
relatively recently, even though it's been 
widely used for a century. 

Early promise 

One reason antisense technology looked like 
the answer to drug designers' prayers is that it 
seemed to be simple and straightforward. 
During the first step of protein synthesis, in 
which genes are copied into RNA, only one 
strand of the double-helical DNA is so 
transcribed. The original idea, developed 
in the late 1970s and first published by Har- 
vard Medical School researcher Paul Zamec- 
nik, was to create a second RNA or DNA 
with a particular gene's complementary se- 
quence — the so-called antisense molecule — 
that could recognize and bind to the RNA. 
This was supposed to prevent the RNA from 
manufacturing its protein, either directly or 
by causing it to be broken down by RNA- 
cutting enzymes. In the years since then, the 
technology has undergone several modifica- 
tions, however. 

To try and produce new drugs, researchers 
chemically string together a sequence of 
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about 20 DNA bases — the oligonucle- 
otide — that mirrors a short stretch of the 
gene scientists want to block. These may act 
either by binding to the RNAs, as the longer 
molecules do, or by binding directly to a tar- 
get gene, thereby preventing it from being 
transcribed into RNA in the first place. 
(This latter approach is sometimes called 
"triplex" technology because a. third DNA 
strand is being added to the two already in 
the DNA double helix.) 

But however they work, such short oligo- 
nucleotides are much easier to synthe- 
size than long antisense RNAs or 
DNAs. Researchers also made them 
more resistant to the many enzymes 
that break down nucleic acids by re- 
placing a critical oxygen atom in each 
nucleotide building block with a sul- 
fur atom. That's an important plus for 
a drug that has to be administered to a 
live human being, as it helps ensure 
that the drug will last long enough to 
do its job. 

These modifications seemed to 
put drug designers on the right track: 
In initial tests with cultured cells, 
the sulfur-modified oligonucleotides, 
called phosphorothioates, appeared 
to work. For example, a team at Hybridon 
Inc., a biotech firm in Worcester, Massachu- 
setts, found that one of their phosphoro- 
thioates, which they called GEM91, blocks 
replication of the AIDS virus, HIV-1 , by tar- 
geting a viral life cycle gene called gag. "The 
antisense compound can suppress viral activ- 
ity in vitro by up to 100%, depending on the 
concentration we use," says Sudhir Agrawal, 
vice president of drug discovery and chief 
scientific officer of the company. Other re- 
searchers also had early success in blocking 
reproduction of HIV-1 and other viruses 
with the sulfur-modified antisense constructs. 

The successes quickly spurred the start-up 
of several biotech enterprises, such as Gilead 
Sciences Inc., an 8-year-old biotechnology 
company based in Foster City, California. 
"When we began, we said, 'Obviously from 
the literature, the technology works,' " re- 
calls Richard Wagner, a molecular biologist 
at the company. "We thought that all we 
needed to do was bring in a few chemists and 
we were going to be rich." 

But shortly after setting up shop, Gilead 
researchers realized it wouldn't be that 
simple. They quickly found that antisense 
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| SOME CURRENT U.S. ANTISENSE CLINICAL TRIALS | 


Company 


Disease 


Rationale 


Patients 


Isis Pharmaceuticals 


CMV retinitis in 
AIDS patients 


BIOCK UMV 

reproduction 


cUUt 


Isis Pharmaceuticals 


Genital warts 


Block human papilloma- 
virus reproduction 


f\rr 


Isis Pharmaceuticals 


Kidney transplant 
rejection 


Block immune 
cell activities 


20 to 40 


Isis Pharmaceuticals 


Rheumatoid arthritis and 
other autoimmune diseases 


Block immune cell 
activities 


20 to 40 
per disease 


Lynx Therapeutics 


Chronic myelogenous 
* leukemia 


Block cancer 
gene activities - 


50+ 


Hybridon 


AIDS 


Block HIV reproduction 


125 



compounds applied to a strain of human 
blood cells did not even get into the nucleus, 
the site of their RNA or DNA targets, 
Wagner explains. To get around that prob- 
lem, they were forced to inject the com- 
pounds directly into the cells, a technique 
that works well in laboratories but cannot be 
applied to patients. 

They did get some encouraging results, 
though: When they performed the injec- 
tions, Gilead workers found that compounds 
directed at the rev or gag genes located in 
HIV-1 inhibited viral replication in the 
cells. In other experiments, antisense oligo- 
nucleotides targeted to the c-myc gene of 
blood cells from leukemic patients shut down 
cancer cell proliferation. But in both sets of 
experiments, yet another glitch cropped up. 

To their surprise, researchers found that 
oligonucleotides they were using as controls, 
which couldn't recognize the rev, gag, or c- 
myc genes, either shut down virus replication 
or blocked cell proliferation almost as effec- 
tively as the ones they were testing as drugs. 
"While we could repeat many of the biologi- 
cal effects caused in cell culture, in every case 
our controls would show the same response,'* 
Wagner notes. "When we went back to the 
original papers, we found that often these 
controls were missing." 

At first, Gilead researchers kept their 
concerns quiet. "There were a significant 
number of people claiming that these things 
worked," Wagner explains. "We really didn't 
want to go public with our negative results 
until we were sure that we weren't doing 
something wrong in our system." By the early 
1990s, however, other researchers were 
echoing Wagner's concerns. 

One example comes from Arthur Krieg of 
the University of Iowa, Iowa City, and his 
colleagues, who were attempting to develop 
antisense compounds that could be used to 
treat autoimmune diseases, such as rheumatoid 
arthritis, in which the immune system begins 
attacking the body's own tissues. "The B cells 
in autoimmune disease are hyperactive," 
Krieg explains. "We were trying to identify 
the genes responsible and shut them down." 



When the researchers tried to inhibit B 
cells in culture with antisense DNA, how- 
ever, the molecules turned B cell function up 
instead of down. That result was a mixed 
blessing, because it suggested that while the 
compounds tested would not be useful for 
treating autoimmune diseases, they might 
help buttress immune cell function in AIDS 
patients. But the Iowa team encountered an 
anomaly in their system similar to the one 
the Gilead workers had previously found. 
"Later, we got concerned as a number of con- 
trols also turned out to be B cell activators as 
well," Krieg recalls. 

The immunologist, who says he worked 
"full time" to figure out what was causing 
this, came up with a solution earlier this year. 
In a paper published in the 6 April issue of 
Nature, Krieg and his colleagues reported 
evidence suggesting that antisense oligo- 
nucleotides mimic bacterial DNA in trigger- 
ing a potent response by mammalian im- 
mune cells. They based this conclusion on 
experiments in which they showed that 
DNA fragments containing the two-base se- 
quence CpG (where C stands for the nucle- 
otide base cytosine, the G for guanine, and p 
for phosphate) activate mammalian B cells 
and natural killer cells in culture. 

This only takes place, however, when the 
CpG motif lacks methyl groups. Because 
such sequences are common in bacterial 
DNA, but not in mammalian DNA, where 
most nucleotides have an attached methyl 
group, the immune response may be a way of 
defending against bacterial infections, Krieg 
suggests. The finding applies to antisense 
technology because antisense manufacturers 
don't usually add methyl groups to their syn- 
thetic oligonucleotides. Thus, mammalian 
immune systems that encounter such com- 
pounds with the CpG motif may be tricked 
into thinking they have been invaded by 
bacterial aliens and consequently spring 
into action. 

Krieg suggests that this response could be 
useful clinically, but he says researchers need 
to be aware that the drugs are working di- 
rectly on the immune system, rather than, 



say, targeting the AIDS virus itself. "I am 
firmly convinced that synthetic oligonucle- 
otides, like the ones in clinical trials now, 
will make useful drugs for human beings," 
Krieg says. "But I don't think they are work- 
ing through true antisense mechanisms." 

Side effects in animals 

Besides not always working by "true anti- 
sense mechanisms," the synthetic oligo- 
nucleotides have also caused side effects in 
experimental animals. When administered 
by one-time injection in high doses to 
monkeys, for example, several phosphoro- 
thioate drugs were lethal to some of the ani- 
mals, for reasons that are not yet understood. 
In others, the oligonucleotides caused a tran- 
sient decrease in the total number of two 
kinds of white blood cells as well as changes 
in blood pressure and heart rate, according to 
Hybridon's Agrawal. In addition, phospho- 
rothioates have been found by Hybridon and 
Isis researchers to accumulate in the liver, 
kidneys, and bone marrow of animals, al- 
though the long-term effects of this deposi- 
tion are not clear. 

Some of these effects may be explained by 
the drugs' propensity to bind to proteins, says 
Columbia's Stein. At a recent meeting on 
the "Art of Antisense,"* molecular pharma- 
cologist Stein presented some of his teams' 
findings on why the compounds often don't 
make it to the nucleus. They've found that 
they end up instead in the endosomes, small 
membrane-bound vesicles in the cytoplasm. 
This apparently occurs because the oligo- 
nucleotides tend to bind to proteins, which 
are themselves incorporated in the endo- 
somes. "Many cell types protect themselves 
by sequestering oligos in intracellular com- 
partments," Stein says, but this could also 
contribute to the deposition of the drugs in 
liver and kidney. 

In addition to getting entangled by pro- 
teins inside cells, the Columbia researcher 
found that many synthetic oligonucleotides, 
because of their highly negative charge, get 
hung up on proteins outside cells as well. 
Among these are growth factors and cell an- 
choring proteins such as fibronectin and 
laminin. The result is that antisense com- 
pounds block cell migration and adhesion to 
underlying tissue in vitro— an effect that 
may interfere with wound healing and arte- 
rial wall repair in living animals, Stein says. 

Hybridon's Agrawal maintains, however, 
that the cardiovascular and other effects seen 
in animals can be minimized in patients by 
using low doses of the compounds and ad- 
ministering them gradually by continuous 
intravenous injection. That seems to be 
borne out by the early results of Hybridon's 

* The meeting, which was sponsored by Nature 
Medicine, was held in New Orleans on 21 and 
22 September. 
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clinical trial of GEM91 in AIDS patients, he 
told participants in the antisense meeting. 
Agrawal also reported that patients getting 
the higher doses are showing signs of clinical 
improvement in that their viral counts drop 
a tew days after the treatments, although it is 
tar too soon to tell whether this translates 
into improved survival. To Agrawal, it 
doesn't matter how the drugs work, if they 
end up helping AIDS patients. "Despite all 
the other properties [in addition to actual 
gene targeting], we feel that if we find an 
antisense effect . . . then we have a new drug," 
Agrawal says. 

Looking to the future 

Agrawal is not the only one who hasn't lost 
faith in the technology. Biotechnology 
representatives argue that the problems turn- 
ing up with antisense oligonucleotides are 
common in drug development, especially 
when untested, new technologies are being 
explored. "Every new technology starts at 



the bottom, in essence, getting your foot 
in the door," says Gerald Zon, vice presi- 
dent of medicinal chemistry at Lynx Thera- 
peutics Inc., a biotech company in Hay- 
ward, California. He notes that every new 
drug has negative effects that must be 
weighed against clinical benefits. The an- 
swer, he says, is to design better second- and 
third-generation drugs in order to boost drug 
efficacy while, at the same time, minimizing 
unwanted side effects. 

Indeed, researchers at companies such as 
Hybridon, Isis, and Gilead say they are apply- 
ing the lessons they are learning from the 
animal studies and early clinical trials to try 
to come up with better and less toxic com- 
pounds. The options they are exploring in- 
clude modifying the structures of oligonucle- 
otides so that they bind less readily to pro- 
teins or more readily to their target genes. All 
three companies are also generating fat- 
soluble delivery molecules called cationic li- 
posomes. The researchers hope these lipid- 



Ioving shuttles will help antisense com- 
pounds break through cellular barriers that 
prevent entrance into the nucleus. 

These new compounds and delivery sys- 
tems carry no guarantees that they will be 
any better than the phosphorothioates used 
in the current clinical trials. But even some 
of the critics, such as Stein, agree the field 
still holds great promise, as long as the re- 
searchers recognize that antisense drugs 
don't always work the way they are supposed 
to. "My guess is that we will find that the 
current generation of phosphorothioates are 
extremely active biological molecules," 
Stein concludes, "and that they work by 
many mechanisms, of which antisense is one. 
The truth is that we'll have to wait and see. 
None of us really knows what is going to 
come out of it." 

-Trisha Gura 



Trisha Gura is a reporter on leave from the 
Chicago Tribune. 



tions. Chemists need these tags to decipher 
the makeup of compounds that show promise 
in an assay, such as the ability to kill cancer 
cells (Science, 3 June 1994, p. 1399). 

But because a tag has to be added with * 
each budding block, assembling a 10-compo- 
nent molecule actually involves at least 20 
time-consuming chemical steps. And the tech- 
nique runs into trouble when creating small 
organic molecules, which constitute most of 
today's drugs. Some of the synthetic reac- 
tions involve potent reagents, such as hy- 
drofluoric acid, which can rip ID tags apart. 

The new microchip tags appear to solve 
both these problems at once. A chip, which 
emits a binary code, is inserted into a mesh 
capsule loaded with polymer beads — the 
"seeds" to which combinatorial building 
blocks are added by dunking the capsule in a 
series of beakers. In the Ontogen approach, a 
nearby radio scanner registers both the iden- 
tity of a capsule and the contents of each 
beaker it enters. These data are uploaded to a 
computer that keeps track of the order of 
building blocks in the growing molecule. In 
the IRORI approach, the information is 
stored on the microchip itself, using a trans- 
mitter that writes the information to the 
chip. The information is uploaded to the com- 
puter only when the assembly run is complete. 
By eliminating the chemical tags, both 
approaches do away with half the synthetic 
steps involved, yet end up with an instantly 
available computer record of the precise 
structure of the compounds in each capsule. 
Moreover, says Nicolaou, "now you are free 
to use any chemistry you want to build your 
molecules." Speed and flexibility — for chem- 
ists, it's a winning combination. 

-Robert E Service 



-CHEMISTRY- 



Radio Tags Speed Compound Synthesis 



Like aging computers, it doesn't take long 
for scientific techniques to seem slow and 
cumbersome. Take combinatorial chemistry. 
When it was introduced a few years ago, it 
was the supercomputer of chemical synthe- 
sis. The technique allows chemists to quickly 
paste together several different chemical 
building blocks into millions of combina- 
tions, in hopes that one will prove to be a 
new drug or a useful material. To identify 
each one of the new compounds, researchers 
typically affix chemical tags that reveal the 
unique arrangement of each compound's 
components. But these tags carry a hefty 
price: Their use doubles the number 
ofchemical steps — and the time — 
involved in the assembly process, 
and their fragility prevents the syn- 
thesis of some compounds. 

In the past 2 weeks, however, two 
separate groups of California research- 
ers have unveiled a faster and more agile 
model. By replacing chemical ID tags with 
tiny radio-emitting microchips, they appear 
to have overcome both of the problems in- 
herent in the old one. "The upshot is that it 
makes the whole process of drug discovery 
more efficient," says Rob Armstrong, a 
chemist at the University of California 
(UC), Los Angeles, who led one of the re- 
match groups, which includes scientists from 
Ontogen Corp. in Carlsbad, California. "This 
has the potential to be a significant advance 
m simplifying the encoding process," adds 
Michael Pavia, who heads combinatorial re- 
search at Sphinx Pharmaceuticals in Cam- 
bridge, Massachusetts. The technique not 
°nly saves time, says Pavia, "it gives you a 




wider range of chemical diversity to select 
from in building your new molecules." 

Armstrong's group presented its findings 
at last week's meeting of the Western 
Biotech Conference in San Diego, as did the 
second team, led by Michael Nova at IRORI 
Quantum Microchemistry in La Jolla, Cali- 
fornia, and K. C. Nicolaou, who holds dual 
appointments at the La Jolla-based Scripps 
Research Institute and 
UC San Diego. Va,ine 
lleuclne 



enzene 




Inventory tracking. 

A radio-emitting microchip 
can encode the identity of mol- 
ecules grown on surrounding beads. 

The IRORI group was, however, the first in 
print, with a paper in the 15 October issue of 
Angewandte Chemxt. 

Both techniques add considerable power 
to combinatorial chemistry, which already 
made traditional synthetic chemistry look like 
an old IBM punch card. Traditionally, novel 
compounds are synthesized one at a time, but 
combinatorial chemists create huge numbers 
in a single process by assembling a few chemi- 
cal building blocks — each of which has a 
corresponding ID tag, such as a short nucle- 
otide sequence — in all possible combina- 
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Abstract 

01igonucleotide(ON)-based therapy, although in an early stage of development, promises to provide new and 
highly specific tools for the treatment of human diseases such as virus-associated illnesses and cancers. Like gene 
therapy, ON therapy is a rapidly growing field with great therapeutic potential. However, the two types of therapy 
differ fundamentally in their approach. In gene therapy, missing or defective genes are added or replaced with 
functional versions, while in ON therapy, existing but abnormally expressed genes are inhibited. In this article, we 
will focus on ON therapy with an emphasis on issues related to ON drug delivery, stability, and targeting. ONs have 
several advantages over traditional drugs, notably their exquisite specificity to target sites and their ease of design. 
However, their effective use has been limited due to several problems. For example, naturally occuring ONs contain 
phosphodiester backbones that are easily degraded in a biological environment and therefore must be protected or 
modified to render stability. In addition, because of their large molecular size and charge, these compounds are 
poorly taken up by cells and therefore may not reach their target site. Moreover, problems associated with cellular 
targeting, potential toxicity, and affinity of ONs to the target sites pose major challenges to the successful utilization 
of these compounds. Here we shall examine recent findings, relative advantages and disadvantages of various ON 
delivery methods, as well as the common pitfalls peculiar to each strategy. 
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1. Introduction 

Antisense refers to the use of short, single- 
stranded, synthetic ONs to inhibit gene expres- 
sion [1,2]. These compounds are designed to be 
complementary to the coding (sense) sequence of 
RNA inside the cell. After hybridization to 
target sequences, translational arrest occurs via 
one of several putative mechanisms. The first is 
ribosomal blockade where the antisense mole- 
cule hybridizes to the sense sequence and pre- 
vents the ribosome from reading the mRNA 
code, resulting in production of a defective 
nonfunctional protein. The second is the specific 
cleavage of RNA strand by activated RNase H 
following RNA-ON hybridization. This cleavage 
results in destruction of the coding message and 
inhibition of protein synthesis. The third is the 
competition between the ribosome and the an- 
tisense ON for binding to the 5'-untranslated 
region (5'-UTR) of the mRNA. Binding of the 
ON to the 5'-UTR can also result in activation of 
RNase H and subsequent cleavage of the 
mRNA. Finally, synthesis of fully mature mRNA 
in the cytosol can also be prevented at the level 
of RNA transcription, splicing, processing, or 
transport across the nuclear membrane. For 
example, ON can bind to the complementary 
sequence on nuclear DNA, forming triplex DNA 
which selectively inhibits DNA transcription 
[3,4]. The well known Watson-Crick base pairing 
rules govern the interaction between the ON and 
the RNA while the Hoogsteen base pairing rules 
dictate the interaction between the ON and the 
DNA [1,5]. Such interactions allow the potential 
to target ON to virtually any gene of interest. 



2. Potential advantages of antisense therapy 

As stated above, the striking advantage of the 
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antisense approach is its potential for specificity. 
Conventional chemotherapy for conditions such 
as neoplastic and virus-related diseases is fraught 
with systemic toxicity. The therapeutic window 
of chemotherapeutic agents is relatively narrow, 
which reflects the agents* inability to distinguish 
between normal and diseased cells. A drug is 
specific if it has a strong binding affinity for its 
target receptor relative to other binding sites. 
Antisense ONs have the potential to be many 
orders of magnitude more specific than tradition- 
al drugs due to their greater number of interac- 
tions with any particular target site [6]. Since 
specificity is proportional to the number of 
interactions between a drug and its receptor, 
specificity of an ON is expected to depend on its 
length. In theory, an ON of more than 15-17 
nucleotides in length could have the base pairing 
specificity to interact with only one target gene 
within the entire human genome [7]. Thus, an- 
tisense ONs have a potential specificity that 
could serve as powerful research tool for the 
study of specific gene function and as therapeutic 
agents for disease-causing genes. 

Another advantage of the antisense approach 
is the relative simplicity in which the drugs can 
be rationally designed. Traditionally, drug design 
strategies have often focused on identifying pro- 
tein functions and their interactions with target 
receptors. The complex three-dimensional struc- 
tures of both protein drugs and receptors has 
made drug design a long and difficult process. 
Not only do proteins possess multiple domains of 
varying functions, but divergent proteins may 
share common domains. Although the knowl- 
edge of protein structure proceeds apace, the 
understanding of structure-function relationships 
still lags behind. Therefore, identifying the inter- 
actions has been relatively empirical and the 
specificity of interactions has been limited. In 
contrast, the interaction between the drug and 
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the target mRNA in the antisense approach is 
governed primarily by the sequence of the target, 
although drug accessibility to the target sites may 
be limited by the complex structure of the 
mRNA. Nonetheless, antisense drugs designed to 
target various regions of mRNA have been 
shown to be effective in inducing hybridization 
arrest of translation. For examples, ONs target- 
ing the start codon and extending upstream or 
downstream have been shown to be effective in 
inhibiting translation [8,9]. Likewise, ONs that 
are complementary to the splice sites have 
proved effective, but internally translated regions 
are less effective [8,9]. 

Pathologic disorders that are currently 
targeted by antisense therapeutics include viral 
infections, inflammatory disorders, cardiovascu- 
lar diseases, cancers, genetic disorders, and au- 
toimmune diseases. Examples of these applica- 
tions are listed in Table 1. Most work to date on 

Table 1 

Inhibition of gene expression by antisense oligonucleotides 



antisense pharmaceuticals has been focused on 
viral diseases for which only inadequate conven- 
tional therapy exists. The major viral targets 
include HIV [10,11], herpes simplex [19], in- 
fluenza [20], and human cytomegalovirus [14]. 
Encouraging results have been obtained with cell 
culture and animal models of viral infection. 
Another interesting application for antisense 
therapy has been in the field of cancer. By now, 
many of the most important oncogenes have 
been cloned or sequenced. Those sequences 
allow one to design antisense agents that can 
down-regulate the expression of oncogenes 
known to be involved in the transformation of 
tumor. The potential antisense approach to can- 
cer therapy that would be highly selective for 
transformed cells is based on the fact that some 
malignant cells have specific activating mutations 
in certain oncogenes such as ras or translocations 
as in myc and bcl-1. These mutations provide a 



System 



Viruses 

Human immunodeficiency virus 



Human T-ceU lymphotropic virus HI 

Human cytomegalovirus 

Vesicular stomatitis virus 

Hepatitis B 

Hepes simplex virus 

Influenza virus 

Rous sarcoma virus 

Simian virus 40 

Mammalian genes 
Multiple drug resistance 
Proliferating cell nuclear antigen 
T cell receptor 
Colony-stimulating factors 

0-GIobin 
Interleukins 

cAMP kinase 
bct-2 
c-myb 
c-myc 



Cell type 



Reference 



H-T cells 
H9 cells 
CZM cells 
H9 cells 
NHDF cells 
L929 cells 
Alexander 
Vero cells 
MDCK cells 
Fibroblasts 
MDCK cells 



MCF-1 cells 
3T3 cells 
T cells 

Endothelial cells 
FL-rasfmyc cells 
Reticulocytes 
T-lymphocytes 
Monocytes 
HL-60 cells 
L697 cells 
Mononuclear cells 
T-lymphocytes 
HL-60 cells 
Burkitt cells 
T15 cells 



7 

8 

8 
10 
11 

12-14 

15 

16 

17 

18 

19 



20 
21 
22 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
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therapeutic window that allow one to knock out 
. cells containing those specific mutations. 

Despite the apparent promise of the antisense 
approach, the design of therapeutically effective 
ONs involves a unique set of problems which 
must be overcome. These problems are discussed 
below. 



3. Can antisense work in living systems? 

There are numerous studies demonstrating the 
effectiveness of antisense ONs in -various cell 
culture systems. However, several key questions 
remain, the most obvious one being "Can the 
antisense approach work in vivo?". This question 
has often been posed in different forms depend- 
ing on the background of the person asking the 
question. From a drug delivery standpoint,, the 
key question is often addressed like "How can 
antisense ONs be targeted to diseased cells, 
sparing normal cells?" or "How can antisense 
ONs be effectively delivered into the intracellu- 
lar target sites where they can then exert their 
action?". The first question may be readily an- 
swered with the following postuate. If the an- 
tisense ONs exhibit no cellular toxicity or non- 
specific antisense activity, then targeting at the 
cellular level would not be necessary; that is, all 
cells could be exposed to antisense ONs. In 
principle, the exquisite specificity of antisense 
ONs implies that these compounds are less likely 
to cause toxic side effects in comparison to 
conventional drugs. However, several recent 
studies appear to suggest that cellular toxicity 
and non-specific activity of antisense ONs can 
occur (albeit in cell culture systems) [12,36-38]. 
To demonstrate antisense activity, ONs that are 
not complementary to the target RNA are usual- 
ly used as controls. An antisense activity is 
implicated if the antisense ON inhibits better 
than the controls. However, frequently the con- 
trol ONs inhibit as well or better than the 
antisense ON [39,40]. Non-specific toxicity of 
antisense ONs has also been suggested as a result 
of their degradative products in different cell 
types, particularly the hematopoietic cells [37,38]. 
In addition, non-antisense action has been shown 
for ONs carrying a small sequence of four 



consecutive guanosines (a G-4 tract) [36]. Non- 
complementary ONs carrying this sequence ef- 
fectively inhibited cell proliferation and viral 
replication in cell culture systems [36]. However, 
it should be pointed out that the in vitro effects 
of ONs may not necessarily reflect their in vivo 
effects, and there are studies which indicate the 
relative safety of antisense ONs in vivo [39,40]. 
On the other hand, non-specific side effects of 
ONs have also been reported in mice [41]. 
Antisense ONs targeted against rel A transcrip- 
tion factor were found to induce thrombocyto- 
penia and renal failure. The mechanism underly- 
ing this toxicity is not known, however this result 
suggests that ONs can have non-specific actions 
and may cause toxic side effects in vivo. 

The second question "How can antisense ONs 
be effectively delivered into cells?" is equally 
difficult to answer. Most antisense ONs are 
poorly taken up by cells due to their hydrophilic 
nature and large molecular structure. In many 
cases, biological antisense activity can only be 
achieved in the presense of transfer vectors such 
as cationic lipids and liposomes. The obviousness 
of this problem, however, does not necessarily 
diminish the potential use of ONs in vivo, and 
there are few examples of successful in vivo 
treatment in the absence of specialized delivery 
systems [44,45]. Much effort has been made with 
some success to chemically modify ON and to 
develop carrier vectors for effective delivery of 
antisense ONs. These studies are detailed below. 



4. Barriers to potent antisense activity 

Considering the various obstacles that the 
antisense ONs must encounter prior to their 
action, it is quite remarkable or perhaps surpris- 
ing that the desired activity of ONs is observed. 
First, the ONs must find their way to target cells 
where they must then penetrate the plasma 
membrane to reach their target site in the cyto- 
plasm or nucleus. Second, once inside the cell the 
ON must be able to withstand enzymatic degra- 
dation presented by various endogenous nu- 
cleases. Third, the ON must be able to find and 
then bind specifically to its intended target site in 
order to inhibit expression of the disease-causing 
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gene. In addition, the ON must avoid binding to 
non-target sites as this may produce undesirable 
side effects. The observed activity of ONs in cell 
culture was previously thought to imply that 
these potential barriers were insignificant. How- 
ever, careful analysis of recent studies indicates 
that these barriers are indeed real and many of 
these barriers can become key determinants in 
the successful outcome of antisense therapy. 

4.1. Stability and chemical modification 

The initial successful demonstrations of the 
antisense strategy in cell culture employed the 
naturally occuring phosphodiester ONs [8,21], 
However, it was soon realized that phospho- 
diester ONs are easily degraded in cell culture 
medium containing serum due to 3'-exonuclease 
digestion [46]. Consequently, the antisense ef- 
fects could only be observed if high ON con- 
centrations (up to 100 jiM) were used [47], 
Protection from degradation can be achieved by 
the use of a "3'-end cap" strategy in which 
nuclease-resistant linkages are substituted for 
phosphodiester linkages at the 3' end of the ON 
[46]. Alternatively, ONs containing a 3'-terminaI 
hairpin-like structure were found to exhibit im- 
proved resistance to exonuclease digestion [48]. 

Phosphodiester ONs are not only rapidly de- 
graded in serum- the first biological medium 
likely to be encountered during antisense 
therapy-but once the ONs enter cells, they can 
be further degraded by cellular endonucleases. 
Neither 3'-end caps nor 5'-end caps protect ONs 
from degradation in HeLa cell extracts [49]. 
Several other studies have also shown that phos- 
phodiester ONs are rapidly degraded after mi- 
croinjection into cells [50,51]. Thus, phospho- 
diester ONs are poor candidates for use as 
therapeutic agents in vivo. Consequently, a num- 
ber of chemical modifications have been made to 
improve enzymatic stability of these compounds 
while preserving their ability to hybridize to 
cognate targets. The most commonly used are 
the first-generation analogs that possess modi- 
fications of the phosphodiester backbone. Exam- 
ples of these include the phosphorothioate and 
Phosphorodithioate analogs which have sulfur 
substituted for one or both nonbridging oxygens, 
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Fig. 1. Oligodeoxynucleotide backbone modifications. 



and methylphosphonate analogs which have a 
methyl group substituted for one of the non- 
bridging oxygens (see Fig. 1). The synthesis of 
these modifications yields two isomers at each 
position, giving 2" diastereomers, where n is the 
number of linkages [52]. In general, these modi- 
fied ONs are less susceptible to nuclease diges- 
tion and, for the most part, exhibit greater 
antisense activity than their parent compounds 
(see [53] for review). Phosphorothioate ONs 
retain their negative charge groups in the phos- 
phodiester backbone and have the ability to 
induce mRNA degradation via RNase H. How- 
ever, these compounds, when compared to their 
unmodified counterparts, tend to have lower 
binding affinity to their target sequences due, 
possibly, to diastereomer formation [54]. More- 
over, these compounds have been reported to 
exhibit non-sequence-specific activity [12,36]. 
Unlike phosphothioates, methylphosphonates 
are electrically neutral and have been suggested 
to have greater cellular uptake than unmodified 
ONs (see further discussion in section 42). 
However, these compounds are ineffective in 
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some ceil lines. This may be due to the formation 
of diastereomers or the inability of methyiphos- 
phonates to induce mRNA degradation via 
RNase H. To avoid the problem of chirality and 
in attempts to improve the potency of antisense 
ONs, new backbone linkages are clearly desir- 
able. 

Other types of backbone modifications that 
have been employed to improve ON stability are 
formacetal and thioformacetal ONs. The for- 
macetal linkage is created by replacing the cen- 
tral phosphorus with a methylene group (Fig. 1). 
This linkage is isosteric to a phosphodiester in 
that it contains free rotation about the bond of 
the linkage. The formacetal ONs possess base 
pairing specificity identical to that of the phos- 
phodiester ONs but with slightly less affinity [55]. 
Further substitution of either of the bridging 
oxygens in the formacetal linkage with a sulfur 
yields a thioformacetal linkage (Fig. 1). ONs 
containing the 3'-thioformacetal linkages hybrid- 
ize to RNA with greater affinity as compared to 
phosphodiester ONs, however, ONs with 5'- 
thioformacetal linkages hybridize to RNA poorly 
[55,56]. Therefore, the 3'-thioformacetal linkage 
is a strong candidate as a replacement for the 
phosphodiester linkage in ONs, conferring higher 
affinity and resistance to nuclease degradation. 

42. Permeation and enhancement 

When added directly to cells in culture, only 
1-2% of the added ONs become cell-associated 
[57,58]. Consequently, high concentrations of 
ONs are generally required for activity. There- 
fore, enhanced ON uptake is a critical considera- 
tion in developing these agents for therapeutic 
applications. 

Cellular uptake of ONs is an energy-depen- 
dent process and can be inhibited by treating the 
cells with metabolic inhibitors or by lowering the 
temperature [54,58-61]. 

This transport across the membrane takes 
place in a saturable and sequence-independent 
manner. Any sequence or size of ribo- and 
deoxyribonucleotide was demonstrated to com- 
pete with labeled ON for uptake [59]. The 
uptake is endocytic and appears to be mediated 
by membrane receptor proteins. Loke et al. [59] 



described a 80-kDa membrane protein as a 
receptor for ON, while Bennett et al. [62] re- 
ported a 30-kDa protein responsible for cellular 
uptake of DNA. Yakubov et al. [60] observed 
two labeled protein bands on gel electrophoresis 
following incubation of their cells with radio- 
labeled ON; one of these proteins corresponds to 
that described by Loke et al. [59]. Scatchard 
analysis of ON binding revealed single dissocia- 
tion constants in the low nanomolar range and 
with a binding capacity of approximately 20000- 
100000 binding sites per cell [63]. However, 
others have argued tliat ON binding to mem- 
brane proteins is relatively nonspecific and is 
mostly charge associated, consistent with adsorp- 
tive endocytosis or fluid-phase pinocytosis. The 
latter should be true when the ON concentration 
exceeds the apparent K A [60,64] of ON binding 
to the membrane binding protein. In most cases 
in which antisense effects are observed, ON 
concentrations are routinely in the range of 1- 
100 /iM. Furthermore, inhibitors of receptor- 
mediated endocytosis have no significant effect 
on internalization of ONs in Rauscher cells [58]. 
Even more interestingly, an anion channel 
blocker, 4-acetamido-4'-isothiocyano-stilbene- 
2,2'-disulfonic acid, was found to inhibit ON 
uptake [58], Whether channels are used in mam- 
malian cells for the transport of nucleic acids 
have not been demonstrated. 

Phosphorothioate ONs readily compete with 
unmodified ONs for uptake [54,59]. Uptake 
characteristics of phosphorothioate and un- 
modified ONs are similar and their internalized 
fluorescent probes exhibit a punctate fluores- 
cence pattern indicating endocytosis. A compara- 
tive study of the uptake of 5'-acridine-linked 
7-mer oligodeoxy-thymidylates by HL-60 cells 
showed that the phosphorothioate ON was taken 
up much more slowly than the corresponding 
normal ON [54]. In another study, however, the 
rate of uptake of both normal and phosphoro- 
thioate 28-mer anti-rev ON in lymphocytes was 
found to be comparable [65]. It is likely that the 
difference in probe size, cell type, and conditions 
used may contribute to this discrepency. 

In contrast to phosphorothioates, methylphos- 
phonates do not compete with unmodified ONs 
for uptake, suggesting a different transport 
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mechanism. Because methylphosphonates lack 
charged groups and are more hydrophobic as 
compared to normal ONs, and since phosphoro- 
thioates retain the same negative charge, it was 
suggested that these molecules may be passively 
transported across cell membranes [66]. How- 
ever, studies by Akhtar et al. [61] and Shoji et al. 
[64] indicate that this is not the case. Passive 
diffusion of methylphosphonates across phos- 
pholipid membranes was found to be very slow 
(efflux t u2 >4 days) and was not significantly 
different from that of unmodified or phosphoro- 
thioate ONs [61]. In another study, Shoji et al. 
[64] demonstrated that cellular uptake of fluores- 
cently labeled methylphosphonates was highly 
temperature dependent and exhibited intracellu- 
lar punctate pattern, similar to that observed 
with unmodified or phosphorothioate ONs. Al- 
though this suggests an energy dependent endo- 
cytic process, excess unlabeled ONs (methylphos- 
phonate or unmodified) did not compete for 
uptake. 

Several approaches have been developed to 
improve cellular uptake of ONs. These include 
inclusion of ONs into liposomes or attaching 
them covalentiy or electrostatically to specific or 
nonspecific carriers. Some of these methods are 
summarized here and in Table 2. 

42.1. Liposome-mediated antisense delivery 

Liposomes have been most widely used to aid 
cellular uptake of ONs. Most liposomes used for 

Table 2 

Enhanceme nt of antisense oligonucleotide uptake 

Carrier system Mechanism 

Liposomes 
Cationic 
pH-sensitive 

Immunoliposomes 
Sendai virus-derived liposomes 

Poly(L-lysine) 
Cholesterol 

Phospholipids 
Avidin 
Acridine 
Streptolysin O 
bivalent cations 



this purpose are cationic liposomes which can 
form stable complexes with the polyanionic ONs. 
These liposomes consist mainly of a positively 
charged lipid, most notably A^-[l-(2,3-dioleyl- 
oxy)propyl]-A/,Ar^V-trimethylammonium chloride 
or DOTMA, and a co-lipid, e.g., dioleylphos- 
phatidylethanolamine, to aid cytoplasmic deliv- 
ery of the polynucleotides [90]. Recently, several 
different types of cationic lipids have been de- 
veloped including lipofectin, quaternary ammo- 
nium compounds, cationic derivatives of choles- 
terol-diacyl glycerol and lipid derivative of poly- 
amines (see reviews in [91,92]). Liposomes can 
be designed in various ways to provide protec- 
tion from nuclease degradation, to target specific 
cell types, and to increase cellular uptake. In this 
review we will focus on the use of liposomes for 
the delivery and targeting of antisense ONs (see 
[93] for further discssion of the subject). Phos- 
phorothioate antisense ONs complexed to cat- 
ionic liposomes inhibited the expression of the 
ICAM-1 adhesion molecules in human lung 
carcinoma cells [67]. Several other research 
groups similarly demonstrated that, in the pres- 
ence of cationic liposomes, ONs had strong 
antisense activity, while in the absence of cat- 
ionic liposomes, no activity was observed [68- 
71]. These observations strengthen the argument 
that ONs do not normally cross cell membranes 
to any meaningful extent. 

Targeting liposomes to specific cell types can 
be achieved by attaching an antibody or some 



Reference 



Adsorptive endocytosis 


67-71 


Non-specific endocytosis/ 


72, 73 


Endosomal membrane fusion 




Receptor-mediated endocytosis 


74-76 


Plasma membrane fusion 


77, 78 


Adsorptive endocytosis 


16, 79-82 


Unknown 


83, 84 


Unknown 


17 


Adsorptive endocytosis 


85 


Intercalation 


86 


Pore formation 


87 


Charge neutralization (?) 


88, 89 
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other targeting ligand onto the liposomal mem- 
brane. Liposomes containing unmodified an- 
tisense ONs complementary to the translation 
initiation region of VSV N protein mRNA en- 
hanced a sequence-specific and dose-dependent 
reduction in virus titer when targeted to L929 
cells with H2K-specific antibodies [74]. c-myc 
mRNA specific antisense ONs delivered in the 
same way. induced an antiproliferative activity 
[75]. The incubation of the targeted cells with the 
appropriate antibodies was required in these 
cases. Similarly, liposomes targeted with anti- 
CD3 antibodies, containing an antisense RNA to 
the HIV env region, inhibited viral protein ex- 
pression [76]. 

Most liposomes are internalized by endo- 
cytosis where they eventually fuse with lyso- 
somes. pH-sensitive or fusogenic liposomes have 
been developed as a means to circumvent this 
problem [72,94]. Prior to fusing with lysosomes, 
the pH of the endocytic vesicles is reduced and 
the liposomes destabilize the membranes. Using 
this approach, Ropert et al. [73] showed that 
antisense ONs against Friend leukemia virus 
encapsulated in pH-sensitive lipsomes inhibited 
the formation of viral foci more effectively than 
when associated with non-pH-sensitive lipo- 
somes. Although cytoplasmic delivery from pH- 
sensitive liposomes is more efficient, such deliv- 
ery still accounts for only 0.01-10% of the 
liposome contents that become cell associated 
[72]. 

422. Polylysine-mediated antisense delivery 

Poly(L-lysine (PLL), a well-known polycationic 
drug carrier [95], has been used to facilitate 
cellular uptake of various drugs including an- 
tisense ONs [16,79,80]. Using VSV-infected L929 
cells as a model system, Lemaitre et al. [16] and 
Leonetti et al. [79] demonstrated that ONs com- 
plementary to viral nucleocapsid initiation site or 
to viral genomic RNA sequences promoted a 
sequence-specific and dose-dependent antiviral 
activity when administered as PLL conjugates. 
Antiviral activities of such conjugates were ob- 
served at concentrations below 1 fxM while non- 
conjugated ONs were equally active when used 
at concentrations greater than 50 /iM. Likewise, 
PLL-conjugated ONs complementary to a HIV-1 



splice site inhibited cytopathic effects at much 
lower concentrations than non-conjugated phos- 
phodiester or methylphosphonate ONs [80]. A 
similar approach was successfully used to de- 
velop an antiproliferative activity with anti-c-wyc 
ONs [81] or to decrease the cytopathic effects of 
HIV-1 in de novo-infected MT4 T-lymphocytes 
[82]. In the c-myc study, nonconjugated ONs 
were only active when serum nucleases, were 
absent while the PLL conjugates were active 
even in the presence of nucleases. This increased 
stability is believed to be a result of steric 
hindrance provided by the PLL moiety and by 3' 
ON modification. 

The uptake mechanisms of PLL-ON conju- 
gates were investigated using flow cytometric 
analysis and fluorescently tagged ONs [96]. Both 
the extent and rate of uptake were increased 
when ONs were coupled to PLL. The uptake 
process exhibited endocytosis characteristics in 
that intracellular fluorescence was punctate, up- 
take was temperature- and energy-dependent, 
and lysosomatropic agents prevented the se- 
quence-specific cytotoxicity of the ON. PLL has 
been shown to be internalized by cells through 
non-specific adsorptive endocytosis [95]. The 
polycationic PLL interacts nonspecifically with 
negatively charged molecules on the cell mem- 
brane and is internalized along with those mole- 
cules. Such high-capacity interactions could ex- 
plain the efficacy of PLL-ON conjugates. The 
intracellular fate of the PLL conjugates remains 
to be delineated; proteolysis of PLL probably 
takes place in endocytic vesicles since poly(D- 
lysine) non-degradable conjugates do not show 
any biological activity. 

The usefulness of PLL as a drug carrier may 
be limited by its potential cytotoxicity and non- 
specificity. Large molecular weight PLL is cyto- 
toxic even at low concentrations [79]. Some cell 
lines do not take up PLL conjugates while some 
are sensitive to PLL toxicity, notably the 
lymphoid cell lines. Interestingly, the administra- 
tion of PLL-ON conjugates in ternary complexes 
with polyanions such as heparin reduces the toxic 
effect of PLL and potentiates the biological 
effect of the conjugates [81,82]. PLL binds non- 
specifically to various cell types due to its lack of 
cellular specificity. To provide proper cellular 
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targeting, PLL has been conjugated to various 
cell-specific ligands and antibodies. Details of 
these studies are described below. 

423. Other methods of antisense delivery 

Other ON modifications reported to increase 
cellular uptake include the attachment of hydro- 
-phobic molecules, such as cholesterol and phos- 
pholipids, to the ONs [17,83,84]. Coupling of a 
single cholesterol moiety to an ON appears to 
increase its intracellular uptake by up to 15-fold 
[84]. Similarly, anti-HIV cholesteryl-conjugated 
ONs are more effective than their unmodified 
counterparts [83]. Similarly, conjugation of an 
ON to phospholipids was shown to promote its 
anti-tumor activity [17]. It is not known from 
these studies whether endocytosis is involved in 
the uptake of modified ONs. 

Avidin, a cationic protein known to be inter- 
nalized via an adsorptive endocytosis process, 
has been coupled to ONs [85]. Association of a 
biotin-conjugated ON with avidin is rapid and of 
high affinity. Cellular uptake of an avidin-biotin- 
ON complex was shown to be 4-fold more 
efficient than the biotin-ON conjugate alone [85], 
Finally, direct penetration of ONs into cells has 
been reported when delivered with streptolysin 
O, a pore-forming agent [87], or Sendai virus- 
derived liposomes [77,78]. 

4.3. Cellular targeting via receptor-mediated 
endocytosis 

The exploitation of the unique specificity of 
antisense ONs can only be realized if the mole- 
cules can be targeted to appropriate cells. Most 
nucleic acid-based drug targeting systems have 



been developed for transfecting genes to specific 
cells [97-104]. Most of these systems utilize 
receptor-mediated endocytosis as a means to 
achieve gene targeting. Targeting of hepatocytes 
via the asialoglycoprotein receptor has been 
demonstrated both in vitro and in vivo 
[97,98,105]. Transferrin-mediated gene transfer 
has also been reported in a variety of cell types 
[100-102,106]. More recently, gene delivery sys- 
tems targeting folic acid receptor of tumor cells 
[107], and Fc receptor of macrophages [108] have 
been reported. 

The utilization of receptor-mediated endo- 
cytosis for drug targeting has also been extended 
to antisense ONs (see summary in Table 3). 
c-myb antisense ONs complexed with transfer- 
rin-PLL [111] or folic acid-PLL [115] were found 
to be more effective in inhibiting HL-60 cell 
proliferation than unmodified antisense ONs. 
Furthermore, a phosphorothioate ON com- 
plementary to the polyadenylation signal of hep- 
atitis B virus was complexed with 
asialoorosomucoid-PLL [110]. An increased up- 
take of the ON and reduced expression of virus 
surface antigen from virus-transfected Hep G2 
cells was observed. Along the same line, an- 
tisense ONs targeted to cancer cells via EGF 
receptor [114] or to macrophages via mannose 
receptor [112,113] were found to be taken up 
more efficiently than unmodified ONs. 

Drug delivery systems utilizing receptor-me- 
diated endocytosis provide an effective means to 
achieve drug targeting as well as enhanced drug 
uptake. The latter is due to the highly efficient 
nature of the process. For example, the transport 
protein transferrin may be internalized at a rate 
of many thousand molecules per second in some 



Table 3 

Receptor-mediated antisense oligonucleotide delivery 



Ugand 



Receptor 



Target cell 



Reference 



AsiaJoorosomucoid 

Transferrin 
Mannosylated protein 

6-Phosphomannose-BSA 
Epidermal growth factor 
Folic acid 



Asialoglycoprotein 

Transferrin 
Mannose 

6-Phosphomannose 
Epidermal growth factor 
Folic acid 



171-CAT cells 
HepG2 cells 
HL-60 cells 
J774E cells 
Macrophages 
J774E cells 
Caco-2 cells 
HL-60 cells 



109 
110 
111 
112 
113 
112 
114 
115 
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cell populations [116,117]. Despite this advan- 
tage, in practice, the use of receptor-mediated 
endocytosis as drug targeting strategies has been 
limited. This has been largely due to the fact that 
most drugs lack specific mechanisms to escape 
from endocytic vesicles once being internalized. 
Efforts to overcome this problem have been 
extensive and significant progress has been made 
(see below). 



5. Intracellular fate of antisense 
oligonucleotides 

Although there is strong evidence suggesting 
that the initial step of ON uptake involves an 
endocytosis process, subsequent steps by which 
ONs are transported to the cytoplasm or nucleus 
are less clear. The intracellular fate of endocytic 
vesicles containing ONs would depend on the 
fate of the particular surface receptor to which 
the ON is associated. Some receptors recycle 
through acidic compartments in the cytoplasm, 
releasing their contents and returning to the cell 
surface undegraded, while others fuse with lyso- 
somes and are eventually degraded. ON recy- 
cling following cellular internalization has been 
reported [59]. Although it is not known whether 
the recycled ON is structurally intact or de- 
graded, this data suggests that at least some of 
the intracellular ON pool is exchangable with the 
extracellular ON. The fact that ONs given ex- 
ogenously exhibit biological activities implies 
that some amount of these compounds must exit 
the endosomes at some point in time during their 
cycle and reach their targets, although the exit 
mechanisms have not been elucidated. The ob- 
servation that certain endosome-disruptive 
agents can dramatically improve the biologic 
activity of ONs (see below) also suggests that 
such escape mechanisms are rather ineffective. 
Therefore, the ability to facilitate endosomal exit 
of ONs is an important consideration for their 
utilization as therapeutic agents. 

The fate of ONs once escaped from the endo- 
somal compartments remains controversial, al- 
though accumulating evidence seems to suggest 
that cytoplasmic ONs migrate rapidly to the 



nucleus. Chin et al. [118] and Leonetti et al. [51] 
found that ONs microinjected directly into the 
cell cytoplasm, hence by passing endocytic locali- 
zation, rapidly diffused into the nucleus. Intracel- 
lular localization of ONs was also found to be 
dependent on the ON backbone structure. Phos- 
phodiester and, to a lesser extent, phos- 
phothioate ONs localized in association with 
small nuclear ribonucleoproteins (snRNPs), 
whereas methylphosphonate ONs localized with 
genomic DNA [118]. Translocation and localiza- 
tion of ONs occured independent of ON se- 
quence, chain length, and cell type used [51,118]. 
In contrast to these findings, Cerruzzi et al. [119] 
reported that phosphor othioate ONs localized 
mainly in the cytosol and relatively small 
amounts were found in the nucleus or bound to 
the plasma membrane. A significant portion of 
the cytoplasmic ON was found to be degraded 
while those associated with the nucleus or plasma 
membrane were largely intact. Similar results 
were obtained with phosphodiester ONs, al- 
though degradation was found to be more pro- 
nounced in all cell fractions as compared to the 
phosphorothioate analogs [119]. Work on the 
intracellular fate of ONs by different inves- 
tigators is summarized in Table 4. 

The discrepancies among results obtained by 
different groups have not yet been resolved but 
could possibly be due to a number of factors 
including the difference in the type of probe 
labelling, the influence of the probe molecules on 
ON distribution, and the presence of ON binding 
molecules in certain compartments. Since ONs 
were observed in both cytosolic and nuclear 
compartments, it seems likely that ONs directed 
against antisense targets in either compartment 
should be operative. In fact, there are several 
studies which indicate antisense activities of ONs 
when their targets are located either in the 
nucleus or cytoplasm. For example, an antiviral 
activity was reported with ON targeted to the 
vesicular stomatitis virus, a virus whose replica- 
tion cycle is restricted to the cytoplasm [16]. The 
relationship between the fate of ONs and their 
antisense activity remains to be elucidated. Un- 
derstanding such relationship may aid in the 
design and delivery of more efficient antisense 
agents. 
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Cellular distribution of antisense oligonucleotides 






Cell system 


Oligonucleotide 


Distribution 


Reference 


CV-1 epithelial cells 


Phosphodiester/ 


Nucleus 


118 




phosphorothioate/ 






methylphosphonate 






HeLa ceils 


Phosphodiester 


Nucleus 


120 


HeLa/CEF cells 


Phosphodiester 


Nucleus 


13 


~HL-60 ceils 


Phophodiester 


Cytoplasm 


59 




Phosphorothioate 


Cytoplasm 


54 


H9/V79 cells 


Phosphorothioate 


Nucleus 


65 


L929 fibroblasts 


Phosphodiester 


Cytoplasm / nucleus 


60 


MCF-7 cells 


Phosphorothioate 


Cytoplasm 


121 


Molt-3 cells 


Phosphodiester 


Nucleus 


122 



6. Enhanced cytoplasmic delivery by endosome* 
disruptive agents 

As stated earlier, one of the major limiting 
factors in effective antisense delivery is the exit 
of ONs from endosomes. In order to facilitate 
uptake and cytoplasmic delivery of ONs, several 
delivery systems have been investigated. Most of 
these systems rely on an endocytic uptake mech- 
anism. Only a few systems including cationic 
liposomes [123,124] and Sendai virus-derived 
liposomes [77,78] seem to allow a direct penetra- 
tion of ONs through the external cell membrane. 

Many opportunistic viruses and toxins possess 
efficient means to gain entry into the cytoplasm 
of their target cells [125-131]. Several research- 
ers took advantage of this property for drug 
delivery purposes. Successful exploitation of this 
strategy has been reported for gene delivery 
utilizing inactivated viruses [132-135], fusogenic 
peptides [134,136,137], and other membrane de- 
stabilizing peptides derived from viral envelop 
proteins [138]. In the case of fusogenic peptides, 
significant progress has been made in delivering 
antisense ONs both in vitro and in animal models 
[78,139]. The use of fusogenic peptides in gene 
and antisense delivery may provide an attractive 
alternative to virus particles due to their simplici- 
ty, ease of production, and reduced risk com- 
pared to the use of viruses. 

The study of membrane fusion and disruption 
processes that occur during viral entry has led to 
an increased understanding of the role and 



property of the fusogenic peptides. These pep- 
tides generally span a region of about 30 amino 
acid sequence on the viral envelop protein and 
contain an alternating pattern of hydrophobic 
domains interrupted by hydrophilic domains. 
Under appropriate conditions, most of these 
peptides undergo conformational change to form 
amphipathic a-helical structures that can interact 
with lipid membranes. In the case of several 
viruses that enter cells via endocytosis, this 
conformational change is triggered by the low 
pH within the endosomes [140,141]. One well- 
studied fusogenic peptide is the trimeric in- 
fluenza virus hemagglutinin (HA). Endosomal 
acidification triggers a structural change which 
exposes the fusion domain located at the amino 
terminus of the subunit HA-2 [126,142]. The 
fusion domain contains a membrane-active pep- 
tide sequence which at neutral pH, due to repul- 
sion of negatively charged acidic side chains, is 
prevented from adopting an a-helical structure. 
In the endosome, however, these carboxyl groups 
are neutralized by protonation, allowing a transi- 
tion to a a-helical structure which is able to 
interact with the endosomal membrane. Such 
interaction is thought to facilitate the fusion of 
viral and endosomal membrane, allowing leakage 
of the viral contents into the cytoplasm of the 
host cells. Synthetic peptides containing 16-20 
amino acids of influenza HA-2 amino terminus 
have been reported to fuse liposomes and cause 
leakage of liposomal contents at a pH of less 
than 6 [143,144]. 
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7. Concluding remarks 

Significant progress has been made in attempts 
to transport antisense ONs into cells using a 
variety of approaches. Most of these efforts have 
focused on methods designed to either penetrate 
the cytoplasmic membrane or to release endo- 
cytosed material into the cytoplasm. At present, 
it is unclear how ONs, once they have gained 
enter to the cell, migrate to specific intracellular 
target sites. Most studies to date appear to 
suggest that ONs in the cytoplasm migrate rapid- 
ly to the nucleus. This suggests that ONs directed 
against antisense targets in the nucleus may be 
more effective than those aimed at the cyto- 
plasm. However, there are also reports which 
indicate effective antisense activity against 
targets located in the cytoplasm. For example, 
antisense activity has been observed with ONs 
targeted to the cytoplasmic vesicular stomatitis 
virus [16]. The relationship between ON ac- 
tivities and their intracellular fate remains to be 
established. 

The next challenge to antisense technology is 
in its application in humans. Like any other new 
technology, the development of the antisense 
concept is still faced with several obstacles. 
Nonetheless, there is good reason for enthusias- 
tic hope. Indeed, several ON drugs have already 
demonstrated enough promise to justify clinical 
trials. They are being tested in patients suffering 
from leukemia, AIDS, and other diseases in 
which improved treatments are necessary. It is 
expected that in the future these ON drugs will 
be commonly used to treat those diseases for 
which no effective therapies yet exist. 
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ABSTRACT We investigated the therapeutic potential of 
employing antisense oligodeoxynucleotides to target the dis- 
ruption of MYB, a gene which has been postulated to play a 
pathogenetic role in cutaneous melanoma. We found that MYB 
was expressed at low levels in several human melanoma cell 
lines. Also, growth of representative lines in vitro was inhibited 
in a dose- and sequence-dependent manner by targeting the 
MYB gene with unmodified or phosphorothioate-modified an- 
tisense oligodeoxynucleotides. Inhibition of cell growth corre- 
lated with specific decrease of MYB mRNA. In SCID mice 
bearing human melanoma tumors, infusion of MYB antisense 
transiently suppressed MYB gene expression but effected long- 
term growth suppression of transplanted tumor cells. Toxicity 
of the oligodeoxynucleotides was minimal in mice, even when 
targeted to the murine Myb gene. These results suggest that the 
MYB gene may play an important, though undefined, role in 
the growth of at least some human melanomas. Inhibition of 
MYB expression might be of use in the treatment of this disease. 



Cutaneous melanoma is a highly malignant and increasingly 
common neoplasm (1). Because metastatic melanoma re- 
mains incurable, new treatment approaches are needed. The 
ability to selectively disrupt the function of genes involved in 
malignant cell growth is an increasingly attractive therapeutic 
strategy. Technologies relevant to this purpose include ho- 
mologous recombination, which actually destroys the tar- 
geted gene (2), and use of reverse complementary (antisense) 
RNA (3) or DNA (4-6) to interfere with utilization of the 
target gene's mRNA. The latter may be particularly well 
suited to therapeutic purposes since antisense oligodeoxy- 
nucleotides (ODNs) can be chemically synthesized and in- 
troduced directly into cells without the need for viral vectors. 
Problems attendent to the use and manufacture of viral 
vectors are thereby avoided. Further, the transient effect of 
antisense DNA on gene expression, as opposed to permanent 
alteration of the genome, may be desirable under these 
circumstances. 

We previously reported that phosphorothioate-modified 
antisense ODNs (antisense [SJODNs) targeted to the MYB 
protooncogene controlled the growth of a human leukemia in 
a SCID mouse model (7). MYB encodes a transcriptionally 
active nuclear binding protein, MYB, which plays an impor- 
tant regulatory role in cell proliferation (8) and differentiation 
(9). MYB is located on chromosome 6q22-23 in humans (10), 
where some human melanomas also have structural aberra- 
tions. Altered MYB expression has been implicated in the 
pathogenesis of melanoma (11-14). Accordingly, we targeted 
the MYB gene in human melanoma cells with antisense ODNs 
to learn more about the biologic importance of its expression 
in this disease and the therapeutic potential of disrupting its 
function. 



The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked '"■advertisement" 
in accordance with 18 U.S. C. §1734 solely to indicate this fact. 



MATERIALS AND METHODS 

ODNs. Unmodified phosphodiester ODNs and [SJODNs 
(Lynx Therapeutics, Hayward, CA) complementary to the 
MYB gene were synthesized as reported (8, 15). 

Cell Culture and in Vitro ODN Exposure. Melanoma cell 
lines were obtained from the American Type Culture Col- 
lection (Hs294T, A375, C32) or from Dupont Guerry (Uni- 
versity of Pennsylvania School of Medicine) (SK-MEL-37, 
WM39). Cells were cultured in 96-well plates (10 3 cells/200 /il 
per well) to which ODNs (10-100 ^ug/ml) were added once or 
on two or five consecutive days. Effects on cell proliferation 
were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium (MTT) assay (CellTiter 96 nonradioac- 
tive cell-proliferation assay, Promega) (16). 

Mice. Seven- to 8-week-old female CB-17/ACRTAC/ scid/ 
SDS mice were obtained from Taconic Farms. Animals with 
elevated IgM levels, as measured by ELISA (17), were 
excluded from the study. 

Melanoma Transplantation into SCID Mice and Adminis- 
tration of [SJODNs. Single-cell suspensions of Hs294T human 
melanoma cells (2 x 10 6 in 0.2 ml of Dulbecco's modified 
Eagle's medium) were injected subcutaneously in the right 
lower dorsal region of mice. [SJODNs were administered by 
subcutaneously implanted Alzet constant-infusion pumps 
(Alza) (7). 

Evaluation of Tumor Growth in Mice. Tumor weights in 
vivo were estimated from three separate diagonal measure- 
ments (18). Actual tumor weights were obtained at the time 
of sacrifice. Statistical significance of tumor weight differ- 
ences was assessed by the Mann-Whitney nonparametric 
method. 

RNA Extraction and Reverse Transcription-Polymerase 
Chain Reaction (RT-PCR). MYB and 0-actin mRNA tran- 
scripts were detected by RT-PCR as described save that RT 
was primed with random hexamers (2 ng//tl) (19). The MYB 
amplification primers corresponded to mRNA nt 195-215 (5' 
primer) and nt 444-464 (3 ' primer) (10) . The PCR product was 
detected with a probe corresponding to nt 355-375. 0-Actin 
expression was detected with 5' and 3' primers corresponding 
to nt 600-621 and 905-885, respectively. The 0-actin PCR 
product was detected with a 32 P-labeled probe corresponding 
to nt 795-815 (20). 

Detection of Antisense [S]ODN in Tumor Tissue. Excised 
tumors were minced and multiply washed. DNA was ex- 
tracted by standard methods, and 50 /ig was electrophoresed 
in a 4% low-melting agarose gel (FMC) and then transferred 
to a nylon membrane (Pall) in 3 M NaCl/0.3 M sodium citrate, 
pH 7. DNA was probed with a 32 P-end-labeled MYB sense 
oligomer complementary to the antisense DNA sequence. 



Abbreviations: ODN, oligodeoxy nucleotide; [S]ODN, phospho- 
rothioate ODN; RT, reverse transcription. 
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RESULTS 

MYB Expression in Human Melanoma Cell Lines. Though 
the integrity of the MYB locus on chromosome 6 has been 
scrutinized (11, 13, 14, 21), data concerning MYB expression 
in melanomas are sparse (22, 23). We therefore screened five 
human melanoma cell lines (Hs294T, SK-MEL-37, A375, 
C32, and WM39) for MYB mRNA by Northern analysis (19). 
Total RNA from each cell line (20 /ig) was blotted to 
nitrocellulose and then probed with a 32 P-labeied human M YB 
cDNA (24). None of the lines gave a positive signal with this 
technique. However, when a sensitive RT-PCR was em- 
ployed, MYB mRNA was unambiguously detected in all five 
cell lines (data not shown). Accordingly, MYB is most likely 
expressed in some melanoma cell lines, albeit at a low level. 
In accord with this finding, MYB protein levels were below 
detection limits in Western blot analysis of protein extracted 
from 7 x 10* SK-MEL-37 and Hs294T cells (data not shown). 

Effect of Disrupting MYB Expression in Human Melanoma 
Cells. To determine the biological significance of low-level 
MYB expression in melanoma cells, we targeted the MYB 
message in SK-MEL-37 and Hs294T cells with unmodified or 
phosphorothioate antisense ODNs. Control DNA sequences 
were evaluated simultaneously to ensure that any effects 
observed were sequence specific. In Hs294T cells, for ex- 
ample, exposure to MYB sense sequences had no statistically 
significant effect on cell proliferation in comparison to un- 
treated controls. In contrast, the MYB antisense DNA inhib- 
ited growth in a dose-responsive manner up to ~60% (P < 
0.001) of control cell values (data not shown). Growth 
inhibition was accompanied by loss of RT-PCR-detectable 
MYB mRNA, but not 0-actin mRNA, suggesting that growth 
inhibition was secondary to pertubation of MYB expression. 

Visual examination of the cultures revealed some clue 
regarding the mechanism of inhibition, which appeared to 
vary with the cell line. For example, after exposure to MYB 
antisense, Hs294T cells appeared to undergo cytolysis, sug- 
gesting that MYB perturbation could be a lethal event in these 
cells (Fig. 1A), whereas SK-MEL-37 cells appeared to un- 
dergo growth arrest with or without what appeared morpho- 
logically to represent differentiation toward a more mature 
phenotype (Fig. IB), 

Relationship of ODN Dose, Frequency of Exposure, and 
Inhibition of Cell Growth. We also examined cell growth 
inhibition as a function of ODN concentration and frequency 
of exposure. When SK-MEL-37 cells were exposed to 
ODNs, the most important factor for achieving growth inhi- 
bition was initial exposure to high concentrations of ODN 
(Fig. 2). For example, no effect on cell growth was observed 
when the ODNs were added to cultures in divided doses of 
20 jig/ml per day for 2 days, or 10 fig/ml per day for 5 days. 
In contrast, when cells were exposed to a single bolus of 50 
/ig/ml, cell growth was inhibited =25% in comparison to 
untreated controls. This relationship was even more apparent 
at higher doses. A single total ODN dose of 100 /ig/ml 
inhibited growth much more significantly than the same total 
dose delivered in divided doses of 20 /ig/ml per day for 5 days 
(Fig. 2A). Even at doses up to 250 /ig/ml, 50 /ig/ml per day 
for 5 days was not as effective as a total of 200 /ig/ml given 
as 100 /ig/ml per day for 2 days (50% vs. 70% inhibition, 
respectively). 

To determine whether these results were influenced by 
possible degradation of unmodified ODN, we carried out 
similar experiments with Hs294T cells exposed to the more 
stable [S]ODN. A similar but less strict relationship between 
extracellular concentration and inhibition of cell growth was 
again observed (Fig. IB). That is, initial high concentrations 
were more effective than equivalent final concentrations built 
up by cumulative lower doses. Accordingly, it appears that 
for either type of compound, sufficient cellular uptake to 
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Fig. 1. Photomicrographs of Hs294T and SK-MEL-37 human 
melanoma cells incubated with MYB ODNs (100 /ig/ml per day for 
5 days). (A) Hs294T cells incubated with sense (/) or antisense (2) 
[S]ODNs or without ODNs (3 ). (B) SK-MEL-37 cells incubated with 
MYB sense (4) or antisense (5) ODNs without treatment (6~), or with 
the differentiation-inducing agent mitomycin C (50 ng/ral per day for 
5 days) (7). Note the morphologic similarity of cells in 5 and 7. Under 
each culture condition cells display a flattened, stellate appearance, 
multiple dendrites, and increased numbers of pigment granule, all 
characteristics which suggest that the cells have undergone differ- 
entiation (25). 

inhibit the target gene is achieved only by initial exposure to 
some critical "high" concentration of compound. Why cu- 
mulative lower doses of a stable compound are less effective 
is uncertain, but examination of this phenomenon may pro- 
vide valuable information on oligomer uptake mechanisms, 
intracellular trafficking, and interactions with target mRNA. 

Effect of MYB Antisense [S]ODN on Melanoma Tumor 
Growth in Vivo. We examined the effect of the MYB antisense 




Fig. 2 . Effects of concentration and frequency of ODN exposure 
on melanoma cell growth. (A) Effect of a total ODN dose of 100 
/ig/ml on SK-MEL-37 cell growth. Cells were exposed to MYB 
antisense ODNs for five consecutive days (20 Mg/ml per day), two 
consecutive days (50 /ig/ml per day), or once (100 /ig/ml). Cell 
growth was quantitated by MTT assay (A570 or A«») 10 days after the 
start of culture. (B) A similar experiment carried out with [SJODNs 
on Hs294T cells. Total [S]ODN dose to which the cells were exposed 
is shown on the abscissa. The total dose was delivered either as a 
single dose (•) or in equal divided daily doses given over 2 days (a) 
or 5 days (■). 
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DNA on human melanoma cell growth in a SCID mouse 
model. In the first of three experiments to assess this ques- 
tion, 41 mice were inoculated with Hs294T cells. When tumor 
nodules became palpable, animals were randomly assigned to 
receive no treatment (13 animals) or 7-day infusions (500 
Mg/day; 25 /ig/g of body weight) of MYB sense (14 animals) 
or antisense (14 animals) [SJODN. Animals were examined 
daily for 40 days to determine the effects of the [S]ODN on 
survival and tumor growth. The antisense [S]ODN treatment 
significantly inhibited local tumor growth in comparison to 
the untreated and sense [SJODN-treated groups. In fact, until 
—day 35, calculated tumor weights in the antisense group 
were »50% lower than the other groups. After this time, 
growth in the antisense-treated group recovered and essen- 
tially paralleled that seen in the untreated and sense-treated 
animals. Nevertheless, when the mice were sacrificed on day 
407tumorTfemoved from the antisense-treated animals were" 
significantly smaller^ < 0.05), 2.5 ± 0.5 g (mean ± SD), than 
those from the untreated and sense-treated groups, 3.5 ± 1.7 
g and 3.3 ± 1.2 g, respectively. 

We then examined the growth-inhibitory effects of the 
MYB antisense [S]ODN against a subclinical tumor burden. 
In this experiment, mice were subcutaneously inoculated 
with 2 x 10 6 Hs294T tumor cells. Three days later animals 
were randomized to receive no treatment (9 mice) or a 7-day 
infusion (500 jug/day) of MYB sense (8 mice) or antisense (10 
mice) [S]ODN. Tumor growth was evaluated over a 65-day 
period (Fig. 3A). While no untreated mice were lost during 
this period, 3 sense- and 4 antisense-treated mice died of 
uncertain causes. In the remaining animals, inhibition of 
tumor growth in the antisense-treated group was again noted 
throughout the observation period and appeared to be greater 
than that observed in the first experiment. When the mice 
were sacrificed at 60 days after the pumps were implanted, 
mean tumor weights of untreated, sense, and antisense 
groups were 4.5 ± 1.7 g, 4.0 ± 1.5 g, and 2.1 ± 1.2 g, 
respectively. The differences between these groups were 
statistically significant (P < 0.05). Fig. 4 illustrates typical 
tumors observed in these mice. 




D^I^FfrstRimpInplantatkii 

Fig. 3. Effect of MYB [S]ODN infusion on human melanoma 
tumor growth in SCID mice. Doses were 500 Mg/day for 7 days 
initiated 3 days after melanoma cell inoculation (A) or 500 Mg/day for 
14 days administered 3 days after inoculation and then again 16 days 
after the first infusion ended, o, Antisense-treated; A, sense-treated; 
□, untreated. 
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Fig. 4. Representative photomicrographs of melanomas in situ in 
animals which received MYB ODN infusions (500 /ig/day for 7 days) 
beginning 3 days after tumor cell inoculation. Infusion pumps can be 
seen in the sense- and antisense-treated mice. 

We lastly examined the effect of a repeat infusion on tumor 
growth. Mice (10 per group) were again inoculated with 2 x 
10 6 tumor cells. Three days later they were randomized to 
receive no treatment or an infusion of sense or antisense 
[S]ODN (500 ng/day for 14 days). Sixteen days after the first 
infusion ended, a repeat infusion of identical dose and 
duration was begun. In this experiment, 3 control animals 
died tumor-related deaths during the observation period. In 
the antisense-treated animals tumor growth inhibition was 
more dramatic than in the previous experiments and persisted 
throughout the observation period (Fig. 3B). When animals 
were sacrificed 85 days after the first pump was implanted, 
mean tumor weights of control (n = 7), sense (n = 9), and 
antisense (n = 10) groups were 3.0 ± 2.0 g, 1.7 ± 1.5 g, and 
0.7 ± 0.5 g. The difference in tumor weights between the 
untreated and antisense-treated groups was highly significant 
(P < 0.01), as was the difference between the sense-treated 
and antisense-treated groups (P < 0.05). Though it appeared 
that tumor sizes differed between the untreated and sense- 
treated groups, the differences were not of statistical signif- 
icance (P > 0.05). 

In contrast to the experiments carried out with a lower total 
dose of [S]ODN, none of the animals in the high dose, 
repeat-infusion sense- or antisense-treated groups died be- 
fore the experiment was terminated. These results suggest 
that [S]ODN toxicity was not a cause of animal deaths. 

[SjODN Uptake in Tumor Tissue and Correlation of Growth 
Inhibition with MYB mRNA Levels. To determine the extent 
of [SJODN uptake into tumor tissue and to correlate effects 
on MYB expression with tumor growth, five mice with 
established tumors («*0.5 g) were infused with M YB antisense 
[S]ODN (500 Mg/day) for 7 days. On days 7, 9, and 11 after 
the infusion was begun, an animal was sacrificed and its 
tumor was excised to determine MYB mRNA levels in the 
tissue. MYB mRNA was measurably decreased (as normal- 
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Fig. 5. Effect of MYB [S]0DNs on MYB mRNA expression in 
tumor tissue. MYB [SJODNs (500 /ig/day for 7 days) were infused 
into mice with established tumors (**1.0 g). On days 7, 9, and 11 
tumors were excised and. total RNA was extracted from approxi- 
mately equivalent amounts of tissue for RT-PCR detection of MYB 
and 0-actin mRNA expression. The relative amount of MYB mRNA 
in each sample was estimated by normalization to the 0-actin mRNA 
detected in the same sample. 

ized to 0-actin mRNA), but not completely eliminated, in 
comparison to control expression (Fig. 5). This decrement in 
MYB expression persisted for «2 days after the infusion 
finished but returned toward baseline thereafter. 

Normalization of MYB expression may have been related 
to [S]ODN concentration in tissue falling below a critical 
level. In support of this hypothesis, [S]ODN levels in the 
tumor tissue decreased rapidly from an estimated 500 ng (per 
50 ftg of extracted DNA) during the infusion to 10-50 ng (per 
50 fig of extracted DNA) on day 8, 1 day after the infusion 
finished (Fig. 6). Nevertheless, while human MYB expression 
will be selectively suppressed by the antisense DNA, the 
PCR primers employed for detection will amplify both human 
MYB mRNA and murine Myb mRNA. Since murine blood 
and stromal elements gradually infiltrate the tumor, some of 
the MYB mRNA detected could be contributed from this 
source. 

Toxicity of Murine MYB Antisense Oligomers in Mice. Mice 
receiving human MYB ODN behaved and fed normally and 
lost no weight. In addition, histopathologic examination of 
tissue fixed at the time of sacrifice revealed no organ damage 
(data not shown). As mentioned above, however, a small 
number of animals died of unexplained causes during the 
infusion studies. Such deaths occurred approximately 
equally in each treatment group and were therefore unrelated 
to the ODN sequence infused. Further, since there were no 
unexplained deaths in the animals that received the highest 



24mer - 



Fig. 6. Detection of MYB antisense ODN in tumor tissue. Mice 
with established tumors were infused with MYB antisense ODN (500 
Mg/day for 7 days). The tumors were excised on days 1, 2, and 8 after 
start of the infusion. Tumor DNA was extracted, electrophoresed in 
4% agarose, and blotted to nylon membranes as noted above. Tumor 
[S]ODN content was estimated by probing the blotted material with 
a 32 P-end-labeled MYB sense oligomer. Relative band intensity was 
then compared with known DNA standards of 500, 100, and 10 ng 
(shown in the three lanes at right). 

ODN doses (i.e., two infusions), it appears that while 
"[S]ODN-toxteity~cannot beTule~d~out"as aT cause of death in 
these cases, this explanation seems unlikely. 

To model potential toxicity in a human host, mice were also 
infused with murine MYB sense and antisense sequences, up 
to 1 mg/day for 14 days. No clinically significant untoward 
effects were observed in these mice (Table 1). The-mice 
behaved normally and their body weights did not change. Of 
interest, however, mice did manifest thrombocytopenia 
which appeared to be neither sequence nor dose related. The 
level of thrombocytopenia was mild to moderate and caused 
no detectable bleeding abnormality. Animals receiving the 
highest dose of antisense DNA also manifested splenomeg- 
aly. Histopathology of hypertrophied spleens demonstrated 
lymphoid and myeloid hyperplasia with increased megakary- 
ocytes. We therefore posit that the spleen, an important 
hematopoietic organ in the mouse, may have been compen- 
sating for hematopoietic suppressive effects of the MYB 
antisense [SJODN, 



DISCUSSION 

Though the MYB gene has been postulated to play a role in 
the pathogenesis of malignant melanoma, data supporting 
this hypothesis have been scant and largely inferential (11- 
14), Using antisense DNA, we now provide some direct 
evidence that MYB gene expression is important for the 
growth and maintenance of several human melanoma cell 
lines. Why MYB deprivation causes cytolysis in some cells 
(Hs294T) and apparent differentiation in others (SK-MEL- 
37) is unclear. Also enigmatic is the prolonged growth sup- 
pression (>2 months) associated with the transient suppres- 
sion of MYB. In the first in vivo experiment this might have 
been more apparent than real, since after an initial delay, 
growth of the tumor mass in antisense-treated animals ap- 
peared to parallel that seen in the control groups. However, 
this did not seem to be the case in the second (Fig. 4A) and 
third (Fig. 4B) in vivo experiments, where tumor growth was 
considerably suppressed. Here one could postulate that 
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deprivation of MYB led to a persistent, though apparently 
nonlethal, growth-deprived state. Alternatively, MYB depri- 
vation may have led to cell death in a sensitive subset of cells 
and to cytostasis in another which eventually recovered. 
Therefore, the protein probably exerts different functions 
within and between cells of a given type, and these functions 
most likely depend on the state of differentiation and cell 
cycle status. Unmasking these functions through inhibition 
studies of this type may provide useful clues to the function 
of MYB in nonhematopoietic cells and to the identity of 
potential protein partners in these effects. 

That we obtained growth inhibition by targeting a gene 
expressed at such low levels may be viewed as surprising. 
However, recent reports suggest that low-level gene expres- 
sion can have significant biological import (26, 27). For 
example, Burk et al (27) reported that MYB protein coop- 
eratively interacted with G/EBP transcription factor pro- 
teins, but only when MYB was expressed at a low level. 
High-level MYB expression abrogated this synergy. Accord- 
ingly, it is reasonable to hypothesize from all these studies 
that low-level MYB expression is of biological significance in 
melanoma cells. 

The experiments reported herein serve as a paradigm of 
ODN-based therapeutics for human malignancies. Neverthe- 
less, while it is clear that MYB is an effective target in human 
melanoma, it is not necessarily the best target for this 
strategy. It is equally straightforward that further develop- 
ment of the antisense strategy will be needed before the 
successful application of this technique in the clinic can be 
anticipated. Knowledge concerning DNA uptake mecha- 
nisms, intracellular ODN trafficking, mRNA disruption 
mechanisms, and, of equal importance, how apparent resis- 
tance develops will all contribute significantly to the effective 
pharmaceutical use of these compounds. Accordingly, while 
this area remains in its scientific infancy, these in vivo studies 
and those of our colleagues (28-30) convince us that modu- 
lation of gene expression with antisense DNA is a therapeutic 
strategy worth pursuing. 
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I, Dt. Sidney M. Hecht, being duly warned that willful false statements and the like 
are punishable by fine or imprisonment or both, under 18 U.S.C. § 1001, and may jeopardize 
the validity of the patent application or any patent issuing thereon, state and declare as 
follows: 

1. All statements herein made of my knowledge are true and statements made on 
information or belief are believed to be true. The Exhibits attached hereto are incorporated 
herein by reference. 




DOCKET NO.: PMB9658 (1S1S-4502) 2 PATENT 

REPLY FILED UNDER EXPEDITED 
PROCEDURE PURSUANT TO 
37 C.F.&§ 1.129 

2. ] am the J,W. Mallet Professor of Chemistry and Professor of Biology at the 
University of Virginia. 1 serve as Chairman of the Scientific Advisory Board of Orchid 
Biosciences, as a member of the Scientific Advisory Boards of Xenogen, Galileo 
Laboratories and Palumed, and as a consultant for Isis Pharmaceuticals. I am President of 
Pinnacle Pharmaceuticals and a member of the Board of Directors. I also am a member of 
the Board of Directors of Orchid Biosciences. I serve as an Associate Editor of the Journal 
of the American Chemical Society and sit on the Editorial Advisory Boards of Anti-Cancer 
Drug Design, Bioconjugate Chemistry and Current Medicinal Chemistry- Anticancer Agents. 

From 1981 to 1987 1 held concurrent appointments at Smith Kline & French 
Laboratories, first as Vice President Preclinical R&D, then as Vice President Chemical R&D. 
I have been an Alfred P. Sloan Fellow and a John Simon Guggenheim Fellow at the Max 
Planck Institut fur Experimented Medizin at Gottingen. In 1991 I served as a Professor 
Associe at the Museum National d'Histoire Naturelle in Paris and Gastprofessor at the 
Eidgenossische Technische Hochschule in Zurich; I studied at the Museum again for six 
months during 2000. I have held numerous lectureships at other universities. I received the 
1996 Cope Scholar Award of the American Chemical Society and was selected as Virginia's 
Outstanding Scientist for 1996. More recently I received the 1998 Research Achievement 
Award of the American Society of Pharmacognosy. 

A copy of my curriculum vitae is attached hereto as Exhibit 1. 

3. As early as 1969, I studied mechanisms of protein synthesis via gene expression and 
regulation thereof As early as 1972, 1 co-authored scientific journal articles regarding these 
studies. Further I have studied the chemistry and biochemistry of nucleic acids since 1966. 
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My decades of experience as a biological chemist have instilled in me a knowledge of 
mechanisms of expression of specific genes. 

4. I have read and am familiar with the contents of the above-referenced patent 
applicarion. I have read and agree with the declarations of Dr. Jeny L. Ruth, Dr. Dennis H. 
Schwartz, and Dr. Stanley T. Crooke previously submitted in connection with the present 
applicarion. I further understand that the nature of the rejection at issue in the pending 
application is that the Examiner believes that the pending claims are overbroad in view of the 
skepticism of critics of antisense technology between October 1981 and the present. It is 
asserted by the Examiner that the time lapse between October 1981 and the dates of 
publication of the numerous references cited by the Applicant to support his claim that the 
methods of the invention work as set forth m the application weighs heavily against the 
assertion that the instant application provides sufficient guidance to one of skill in the art to 
practice the claimed invention as early as October 1981. The purpose of this declaration is to 
address this issue. 

I will explain that the concerns of the Examiner stemming from a review of articles by 
antisense critics including Gura, Rojanasakul, and Hijiya are directed to the immediate 
clinical applicability of antisense applications rather than to the efficacy of in vivo antisense 
technology applications and, in any event, that those concerns have been proven baseless. I 
will explain why a significant delay in the reporting of clinical results is routine in the field of 
drug discovery and development. I also will explain that the numerous clinical investigations 
conducted on in vivo antisense methodologies demonstrate the confidence of pharmaceutical 
companies and, hence, those skilled scientists who comprise them in the use of antisense 
technology in vivo as detailed by the present application. 
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In short, the opinions of naysayers that have been lodged against the validity of 
antisense technology were wrong when made and have been proven to be wrong. Antisense 
technology works ,n vivo in accordance with the principles of the present invention. The 
invention as set forth in the application and as presently claimed has been proven to work 
time and again in the years following the effective filing date of the present application. No 
farther disclosure than that made by Applicant in 1981 was necessary to practice the 
invention as presently claimed. Applicant was absolutely correct in 1981 and has been 
proven correct repeatedly thereafter. Additionally, a significant delay in the reporting of 
clinical results is routine in the field of drug discovery and development, particularly in the 
present case, where antisense technology was developed by small pioneer companies. The 
large investment, by pharmaceutical companies in the development of antisense technologies 
underscores their belief in the efficacy of in vivo antisense applications. Their continued 
investments and positive results prove the continued vitality of that belief. 

5. Any concerns raised by Gura (Science, 270: 575-577 (1995)), Rojanasakul (Adv. Drug 
Delivery Revs., 18: 115-131 (1996)), and Hijiya (PNAS USA, 91:4499-4503 (1994)) are 
directed toward the immediate clinical applicability of in vivo use of antisense technology. 
These authors do not question the efficacy of antisense applications in vivo. Fot example, 
Rojanasakul at page 118 queries "Can antisense work in living systems?" and responds by 
stating that while "there are studies which indicate the relative safety of antisense 
[oligonucleotides] in vivo . . . non-specific side effects of [antisense oligonucleotides] have 
also been reported in mice." Rojanasakul goes on to say that these safety concerns "do not 
diminish the potential use of [antisense oligonucleotides] in vivo, and there are few examples 
of successful in vivo treatment in the absence of specialized delivery systems." Id. 
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Rojanasakul continues, stating that "[considering the various obstacles that the antisense 
[oligonucleotides] must encounter prior to their action . . . the desired activity of [antiser 7 
oligonucleotides] is observed." Id. (emphasis added). 

Gura, a non-research-performing reporter, avers that "some experts in the field . . . 
argue that clinical trials have begun far too soon." Gura at 575. Such concerns regarding the 
clinical safety of antisense oligonucleotides were elicited by the side effects detected in some 
animal studies. For example, Gura describes one set of experiments in which lethality in 
monkeys administered a one-time, high-dose injection occurred as well as another set of 
experiments in which a transient decrease in two kinds of white blood cells and changes in 
heart rate and blood pressure resulted from the high dose administered. See id. at 576. 

Similarly, the assertion that Hijiya characterizes the field of antisense as being "in its 
scientific infancy" is misplaced. Hijiya makes clear that antisense oligonucleotides worked 
therein: "The experiments reported herein serve as a paradigm of [oligodeoxynucleotide]- 
based therapeutics for human malignancies." Hijiya at 4503. Hijiya reasons that, although 
MYB (a gene) is an effective target of antisense oligonucleotides in human melanoma, 
"further development of the antisense strategy will be needed before the successful 
application of this technique in the clinic can be anticipated." Id. 

"No drug is free of toxic effects." See Fingl and Dixon (Chapter One, "General 
Principles", In The Pharmacological Basis of Therapeutics, 4 th edition, L.S. Goodman 
and A. Gilman, Eds. (1970)) (Exhibit 2). This fact has been known for many years and is as 
true today as it was when first presented in this textbook. For some authors, to question the 
clinical safety of a new drug paradigm is not surprising. If raising such questions were to bar 
patentability of new drugs, there would be no new drugs. Accordingly, some toxic effects of 
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antisense therapeutics are to be expected. Some expected toxic effects, however, are not an 
indication that antisense therapeutics do not work in vivo. 

Moreover, any concerns voiced by Gura, Rojanasakul, and Hijiya regarding the use of 
antisense technology /„ vivo have been proven to be wrong. The successes achieved in the 
field of antisense technology have been witnessed, thereby ratifying the views of proponents 
of antisense at the time of the invention and silencing, indeed converting, many critics to 
what is clearly the correct view: antisense works in vivo as taught by the present application. 

A number of articles that corroborate the in vivo success of antisense technology have 
been cited during prosecution of the present application. Further submitted with the 
accompanying reply is Mirabelli et al. (Anti-Cancer Drug Design, 6:647-661 (1991)) (Exhibit 
3) which notes that antisense oligonucleotides have demonstrated activities against a broad 
array of targets, that "the therapeutic indexes of phosphorothioate oligonucleotides appear to 
be quite high," and that "certain phosphorothioates ... are extremely well tolerated in 
animals." Mirabelli at 651. Mirabelli also provides evidence of successful in vivo trials of 
antisense oligonucleotides. See, e.g., Mirabelli at 653. 

Crooke (Annu. Rev. Pharmcol. Toxicol., 1992, 32:329-76) (Exhibit 4) corroborates 
the in vivo stability of antisense oligonucleotides, noting that nuclease activity of sera derived 
from different species varies, with human being the least active. See, e.g., Crooke 1992 at 
337. Additionally, modified oligonucleotides enter cells at pharmacologically relevant 
concentrations. See id. at 338-339. /„ vivo pharmacokinetic studies reveal that antisense 
oligonucleotides are rapidly and broadly distributed following administration in mice, rabbits, 
and rats. See id. at 342-343. Toxicity studies reveal that phosphorothioate oligonucleotides, 
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excess 0 f concentrations a, ^ »erape„hc -ivrty >• *«""■ S " " « ^ 34M4 '- 

Cossum (/ *~ - ^ »W>«-'"° (1 " 3)) <EXhiWl 5) " eSCnbeS 

seve ra, -» studies in which phosphorothioate o„gonuc,eond.s were shown ,„ be widely 

distributed foUowing i. W» administrarion in nothing more *» - 
phvsiologic pH. See, e.g., Cossum at 1 181-1182, 1186- Additionally, Cossum acknowledges 
, h a, the dosages a, which non-anttsense effects occur a, signify grearer man those a, 
which annsense effects are observed. SeeU. at 1181. 

Sre p k ows>d e, al. (/ J—. 153:333^*3*6 (1994), (Exhibit 6) demonstrates 
sptc ,f,c inhibition of in— adhesion molecule-. (1CAM-1) expression by anttsense 
ra0 .ecu,e 1P.3082, thereby promoting hear, allograft survival. See S,ep k owsRi e, a,, a, 5338. 
tension of „ «ro studies to M -» analyses confirmed the corre.anon between the 
emcacv of annsense technology in a Petri dish and in a .iving organism. 

' ln deed, a search of the an of "an.isense" in the PubMed database reve„s 
approbate, ,6,98b references demons.at.ng the .tensive interest of Ore science 
_,y in *e technology of me present* claimed invention (Exhibit 7). 

4 T* Examine, asserts ,ha, me rime lapse between the effective filing date of 
present app.ication and the numerous references cited m snppot, o f enablement of *e 
dieted clatms weighs heavily against the claim that Ore instant application provides 

f .nil in the art to practice the claimed invention as early as the 
sufficient guidance to one of skill in the art to prac 

effective ftling date of the instant application. - dtsagree. Had the pharmaceutical industry ,n 
„8, tmmediatCy applted its exisring pledge of medicinal chemistry and pharmacology 
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Vanous fern, contribu.ed ,0 this lag, no, the leas, of which include establishment, within an 
organization, of an internal "champion" for a new technology paradigm where the champion 
is willing to sponsor" and defend reallocation of resources from existing programs to new a 
program. Also, once acceptance of the new paradigm is made, established pharmaceutical 
practice requires pharmacologists to perform substantia! and numerous pre-clinica. studies to 
determine the topological proffle, pharmacokinetics, and pharmacodynamics of any 
potential drug. Thus, my extensive expenence as a biological and medicinal chemist have 
taugh, me tha, it is no, unexpected tha, the generation and reporting of pre-clinica! and 
clinical studies by the pharmaceutical industry related to ,he efficacy of a potential drug does 
„o, immediately follow the publication of the firs, few positive in virro results. 

,, has been observed by Fingl and Dixon ( S ee supra, paragraph 5) that "|n]o drug is 
free of toxic effects." They fimher state, however, tha. "adverse effects do not arise solely 
because of .he inheren. .oxiciry of drugs and the limitations of the methods for early detection 
of this toxicity. Many of ,H, o^rse effecs coM £>e «riM V*«, «« «- «« 
careful* a„i .ore K a. 26 (emphasis added). Furmer, "[,]he development and 

evaluation of new drugs in the United Su.es is rigidly controlled by federal regulation 
administered by the Food and Dntg Administration. A new dnjg may no. be marketed for 
general clinical use until i. has been subjected to thorough clinical pharmacological studies 
and until 'subs.an.ial evidence' of Hi efficacy and safe-y have been obtained from adequate, 
well-comrolled clinical trials conducted by qualified investigators." Id. at 29. 

Since bom positive and negative results must be included in data packages submitted 
to regulatory agencies, clinical trials are no, performed haphazardly with selective omission 
of negative results. In other words, slapdash animal studies are no, conducted for potential 
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human urerapeuttc applications because aH data collected is subjected » FDA scrutiny. 
Accordingly, every study is implement P-uan, » highly rigorous standards and carefully 
pl a„ned condioons. Annual tests suitable to regulatory agency submission reouire 
established animal colonies and adequate anima, care facilities with apptopriate veterinary 
oversight, .he development of which is expensive and time-consummg. Accordingly, careful 
anima, e*pe„me„,s do no, yield large vo.umes of publications that appear in the literature 
ouicWy. Thev retire systematic studies tha, may take years to accompiish. In other words, 
. significant de.ay in the reporting of pre-clinica. o, clinical results is entirely routine in the 
field of drag discovery and development. 

While contributing early-publisbed papers re.a*d to ,n vitro related research topics, 
dividual academic researchers, who confute much of the scientific literature, did no, 
exploit and publish, ,„ vivo antisense techno.ogy. TV reasons for this are varied. TV very 
s „ b stant,a, costs of anima! studies, resulnng from the necessity of numerous consols as well 
as tV smngen, regulations imposed by academic insntutions and regulatory agencies, 
preclude most academic researchers from pursuing such studies absent industrial sponsorshtp. 
A ddi,,onaUy, the experiment conducted by most academicians are limited in scope to then- 
existing, weM.linea.ed areas of research interest. Accordingly, academic researchers do no. 
perform isolated experiment that have no bearing on tha, research interest. Rather, 
academics are selective in choosing the focus of their experiment, limiting the* 
experimenta, objectives to the particular area of research tha.fi* into the grand scheme of the 
research to which their careers are dedicated, for which they have received institution* 
approval to study, and fo. which they have been granted funding. 
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7 „. „ u me,o U s clinical — ons - »— " ~ 

anIlsens e met—s a— the congee of pr— 1 

an „n "Big" pharmaceutical companies became interested ,n 
deuiled by the present apptaanon. B.g pn. 

_ se ^ a«e, *e - P- conrpan.es — * ~» > - — 
p ,_ comp ames „yb ri ao„ Inc. ana Isis Pha— were ..corporate - « 

or , he pulp0S e or a— — — <- 

Centa inc was esublishea as a spin-off of Gen-Ptobe m 1 988 w,th 

for the same purpose. Genta inc. was « 

.ess ob.Ce o f a,e,op ta8 — — « ^ ^ ^ 

u h and late 1990s, newcomers Methylene Inc., lnex 
antisense stuaies. In the a "° laB 

. „„h, a few joinea the early-stage 
Pnarmaceuncals Corp., ana NeoPharma, to name on.y 
C0 mpa„.es .n exp,oinn E *e me^aspe- of — gy. 

_ ^ devas»,e an e^re bns.ss venmre, the p.onee, compa.es in *e „ 
Mi had eve. incentive ,0 .rform - « — > - . " 

a , „ judgroe „, ,o aavance ,0 ma, phase in the process of mo.ng ,he,r ™ 

Pharmaceutical companies including lsis Pharmaceuticals, 
candidates toward IND status. Pharmaceutical P 

«t or nast large pharma partners including 
Genta inc. ana Hybridon Inc. and U,e„ present or pas. .arg 

• a «,„„ Roche and Boehringer lngelheim have 
Novartis, Lilly, Abbott, Merck, Aventis, Amgen, Roche 

a monev to verify the efficacy of antisense drugs m an 
invested huge amounts of time and money to verity 
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associa ,ed wi.b dru 8 deveiopmen, - »—~»*" companies wouid no, have 

inves.ed so heavi,y in Ore deve.opmen, of antisense .echnoio.es if ™ 
molecules would not work in vivo. 

, ,„ summary, -he opinions of naysayers ,ha, h*ve been ,od 8 ed a 8 ains, ,he vaUdiry of 
« .ecnnoiosy were wron 8 when made and have been proven ,o be wron g . Antisense 
^chnoiogy , - in accordance witir *. principles of U,e presen, invention. The 

invention as se, for* in 0,e application and as present Cahned has been proven ,0 wo* 
time and again in *e years fouowin, rhe effective fl* dare of tire presen, apphcation. No 

proven conec, repeaud* tirerea.er. Additional, a si^can, deiay in *. reportin, of 
Cinica, resuhs is routine in *e freid o,d Wg discovery and deveiopmen,, panicky in ,he 
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1 GENERAL PRINCIPLES 

Edward Fingl and Dixon M. Woodbury 



The basic pharmacological concepts sum- 
marized in this chapier apply to the charac- 
terization, evaluation, and comparison of all 
drugs. A clear understanding of these princi- 
ples will facilitate subsequent study of the 
individual drugs. Many of these topics have 
been more extensively discussed in the tcxt- 
■book by Goldstein and coworkers (1968) 
and in the symposium edited by Tedeschi 
and Tedeschi (1968). 

SCOPE OF PHARMACOLOGY 

Jn its entirety, pharmacology embraces the 
knowledge of the history, source, physical 
and chemical properties, compounding, bio- 
chemical and physiological effects, mecha- 
nisms of action, absorption, distribution, 
biotransformation and excretion, and thera- 
peutic and other uses of drugs. Since a drug 
is broadly defined as any chemical ^ agent 
that affects living processes, the subject of 
pharmacology is obviously quite extensive. 

For the physician and the medical student, 
however, the scope of pharmacology is less 
expansive than indicated by the above defini- 
tions. The clinician is interested primarily 
in drugs that are useful in the prevention, 
diagnosis, and treatment of human disease, 
or in the prevention of pregnancy. His study 
of the pharmacology of these drugs can be 
reasonably limited to those aspects that 
provide the basis for their rational clinical 
use. Secondarily, the physician is also con- 



cerned with chemical agents that arc not 
used in therapy but are commonly responsi- 
ble for household poisoning as well as en- 
vironmental pollution. His study of these sub- 
stances is justifiably restricted to the general 
principles of prevention, recognition, and 
treatment of such toxicity or pollution. Fi- 
nally, all physicians feel a sense of respon- 
sibility toward the growing sociological prob- 
lem of the abuse of drugs. 

A brief consideration of iis major subject areas 
will further clarify how the study of pharmacology 
is besi approached from the standpoint of the spe- 
cific requirements and interests of the medical siu- 
dent and practitioner. At one lime, it was essential 
for the physician t o have a broad botanical know l- 
edg e, since most (frugs us ed in tficrapy, were ob- 
tained from plants, ana srnce the physician had to 
select the proper plants from which to prepare his 
own crude medicinal preparations. However, rela- 
tively few drugs are still obtained from natural 
sources, and most of these arc highly purified or 
standardized and differ little from synthetic chemi- 
cals. Hence, the interests of the modern clinician 
in pharmacognosy are correspondingly limited. 
Nevertheless, scientific curiosity should stimulate 
the physician to learn something of the sources of 
drugs, and this Knowledge often proves practically 
useful as well as interesting. He will find the history 
of drugs of similar value. 

The preparing, compounding, and dispensing of 
medicines at one time lay within the province of 
the physician, but this work is now delegated al- 
most completely to the pharmacist. However, to 
write intelligent prescription orders, the physician 
must have some knowledge of the physical and 
chemical properties of drugs and their available 

1 



General Principles 



dosage forms', and he must have a basic familiarity 
with the practice of pharmacy. When the physician 
shirks his responsibility in this regard, he invariably 
fails to translate his knowledge of pharmacology 
and medicine into prescription orders and media- 
tion best suited for the individual patient. The few- 
details essential to the writinj? of correct prescrip- 
tion orders are summarized in ihe Appendix. 
v ^ The study of the biochemical und physiological 
effects of drugs and their mechanisms of action is 
termed pharmacodynamics. It is an experimental 
medical science thai dates back only to the latter 
half of the nineteenth ccniury. As a border science, 
pharmacodynamics borrows freely from both the 
subject matter and the experimental technics of 
physiology, biochemistry, microbiology, and pa- 
thology. It is unique mainly in that attention is 
focused on the characteristics of drugs As Lhc 
name implies, the subject is a dynamic one The 
studem who attempt* merely to memori2e the 
pharmacodynamic properties of drugs is foregoing 
one of the best opportunities for correlating the 
enure field of preclinical medicine, hor example 
the actions and effects of the saluretic agent* cur! 
be fully understood only in terms of the basic 
principles of renal physiology and of the pathogene- 
sis of. edema. Conversely, no greater insight into 
normal and abnormal renal physiology can be 
gained than by the study of the pharmacodynamics 
of the saluretic agents. 

Pharmacodynamics also deals with the absorp- 
tion distribution, biotransformation, and excretion 
or drugs These factors, coupled with dosage de- 
termine the concentration of a drug at site* of 
achon and, hence, both the intensitv and the Time 
course of ]ts effects. Many basic principles of bio- 
chemistry and _ cnzymology and the physical and 
chemical principles that govern the active and pas- 
sive transfer and the distribution of substances 
across biological membranes arc readily app ]j Cc j l0 
the understanding of this important aspect of 
pharmacodynamics. 

Another ramification of pharmacodynamics is ihe 
correlation of the actions. antfeffecis' bf"3ruo £ with 
their chemical structures: SucK structure-activity 
relationships arc an integral link in the analysts of 
drug action, and exploitation of these rclationshipc 
among established therapeutic agents has often led 
io the development of better drugs. However the 
correlation of biological aciivhy with' chemical 
structure .s usually of interest to thVphyslcTan Only 
when jl provides the basis for summarizing other 
pharmacological information. 

The physician is understandably interested mainly 
in the effecia of drugs in man. This emphasis on 
human pharmacology is justified, since the effects 
of drugs arc often characterized by significant inter- 
™ ;'»™iion. and since they may be further 
modified by disease. In addition, some drug effects 
such as those on mood and behavior, can be ade- 
quacy studied only in man. However, the pharma- 
cological evaluation of drugs in man may be 
limited for technical and ethical reasons, and the 
choice of drugs must be based in part on their 
pharmacological evaluation in animals. Con«e- 



[Chap. 1] 



quently, some knowledge of anirrxit pharmacology 
and comparative pharmacology is helpful in decid- 
ing the extent to which claims for a drug hascd 
upon studies in animals can be reasonably extrapo- 
lated to man. 

Pharmacmt^^ w i tn lhe use of drug5 

m Thcprc vent ion and treatment of disease. Many 
drugs stimulate or depress biochemical or physio- 
logical function in man in a sufficiently reproduc- 
ible manner to provide relief of symptoms or 
ideally, favorably to alter the course of disease' 
Drugs of this type are designated pharmacodynamic 
agents. Other drugs, known as chemothcrapeutic 
apfnrs, are useful in therapy because they have only 
minimal effects on man but can destroy or elimi- 
nate parasites. Whether a drug is useful for therapy 
;s crucially dependent upon its ability l 0 produce 
us desired effects with only tolerable imdesircd 
effects. Thus, from the standpoint of the physician 
interested in the therapeutic uses of a drug, the 
selectivity of its effects is one of its most' im- 
portant characteristics. 

Jn the medical curriculum, pharmacotherapcutics 
is often neglected in Lhc initial leaching of pharma- 
cology, because the formal course is usually taught 
during the preclinical years, and it is thought that 
the stu dent lacks the necessary clinical background 
Th w -1fe-un7oriunatc. "smccTFug iTSSpVTs— a don- 
ally based upon the correla tion of the actions and 
effects of drugs With t liephyiioloeiraf , biochemical 
and microbiological aspects of^seaseTTfiarmaco- 
dynamics provides one of TncT>est opportunities for 
this correlation during the study of both the basic 
and the clinical medical sciences. 

Toxicology is that aspect of pharmacology that 
deals with lhe adverse effects of drugs. Jt is con- 
ccrncd not only with drugs used in therapy but a|c 0 
with the many other chemicals that may be re- 
sponsible for household, environmental, or indus- 
trial intoxicniion. The toxic effects of the phar- 
macodynamic and chemothcrapeutic agents are 
properly considered an integral part of their 
total pharmacology. The toxic effects of other 
chemicals is such an extensive subject that the 
Physjcian must usually confine his attention to the 
general principles applicable to the prevention 
recognition, and treatment of drug poisonings of 
any cause, 

ABSORPTION, DISTRIBUTION, 
BIOTRANSFORMATION, AND 
EXCRETION 

To produce its characteristic effects, a 
drug must achieve adequate concentrations 
at Us sites of action. Although obviously a 
function of Lhe amount of drug administered 
the concentrations attained also depend upon 
the extern and rate of its absorption, distri- 
bution, binding or localization in tissues in- 
activation, and excretion. These factors' are 
depicted in lhe following scheme: 
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Physicochumical Factors in 
Transfer of Drugs across 
Membranes 

Either directly or indirecLly, the absorp- 
tion, distribution, biotransformation, and ex- 
cretion of a drug all involve its passage 
across cell membranes. It is essential, there- 
fore, to consider the mechanisms by which 
drugs cross membranes and the physico- 
chemical properties of molecules and mem- 
branes that influence this transfer. Important 
characteristics of a drug are its molecular 
size and shape; degree of dissociation or 
ionization of an acid 7 base, or salt: and rela- 
tive lipid solubility of its charged and un- 
charged forms. Single cells and cell nuclei 
have a simple plasma membrane. In con- 
trast, the intestinal epithelial boundary is 
represented by a single cell layer, and the 
skin barrier is composed of several layers of 
cells. Despite these anatomical diflcrences, 
the diffusion and transport of drugs across 
these various boundaries arc remarkably 
similar. 

Cell Membranes. The classical observations by 
Overton and by Collandcr and Barlund led to the 
theory that the cell (plasma) membrane consists of 
a thin layer of lipoid material interspersed with 
minute water-filled channels, often called pores. 
Subsequent studies have indicated that the plasma 
membrane consists of a bimolccular lipoid sheet 
bound on boLh sides by protein. The thickness of 
the membranes is of the order of 100 A. On the 
basis of electron micrographic studies, two cate- 
gories of membranes have been distinguished 



(Sjosirand, 1967). The first type, exemplified by 
the plasma membrane, primarily controls the conv 
pnsinon of the medium bounded by the membrane, 
by means of characteristic permeability and trans- 
port properties. The second type, exemplified by 
the mitochondrial membrane, is primarily associ- 
ated with enzymatic function; the structure of such 
membranes is more complex and consists of a 
thicker inner surface thought to contain highly 
ordered multienzyme systems in the form of globu- 
lar proteins. 

Passive Processes. Drugs move across mem- 
branes either by passive transfer processes or by 
specialized active transfer systems. The membrane 
is not involved in the passive processes, and the drug 
molecules penetrate cither by passage through 
aqueous channels in the membrane or by dissolv- 
ing in the membrane substance. Both nonpolar 
lipid-solublc compounds and polar substances thai 
possess sufficient lipid solubility move across the 
predominantly lipoid plasma membrane by passive 
diffusion. Their Transfer is directly proportional to 
the concentration gradient across the membrane 
and the lipid: water partition coefficient of the drug. 
The greater the partition coefficient, the higher is 
the concentration of drug in the membrane and the 
faster is its diffusion. However, after a steady state 
is attained, the concentration of ihe drug is the 
same on both sides of the membrane. Passage 
through channels is called filtration, since it in- 
volves bulk flow of water as a result of a hydro- 
static or osmotic difference across the membrane. 
The bulk flow of water carries with it any water- 
soluble molecule that is small enough to pass 
through the channels. Filtration is a common 
mechanism for transfer of many small, water- 
soluble, polar and nonpolar substances. The size 
of the membrane channels differs in the various 
body membranes. Capillary endothelial cells have 
large channels (40 A), and molecules as large as 
albumin pass from the plasma to the extracellular 
fluid or from the plasma into the glomerular fil- 
trate. In contrast, the channels in the red-cell mem- 
brane, the intestinal epithelium, and most cell 
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Only The nonionized moiety can readily penetrate the membrane; hence at equilibrium it< 
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membranes are about 4 A in diameter and permit 
passage only of water, urea, and other small, 
water-soluble molecules. Such substances generally 
do not pass Ihroug h channels in cell membranes if 
their molecular weights are greater than 100 to 200. 

Most inorf anic ions are sufficiently small to pene- 
trate the pores in membranes, but their concentra- 
tion gradient across the cell membrane is generally 
determined by the transmembrane potential (e.g., 
chloride ion) or by active transport (e.g„ sodium 
and potassium ions). 

Weak Electrolyte* and Influence of pH. Most 
drugs are weak acids or bases and are present in 
solution as both the nonionized and ionized species. 
The nonionized portion is usually lipid soluble and 
can readily diffuse across the cell membrane. In 
contrast, the ionized fraction is often unable to 
penetrate the lipoid membrane because of its low 
lipid solubility, or to traverse the membrane chan- 
nels because of its si2c. Jf the ionized portion of a 
weak electrolyte can pass through the channels, or 
through the membrane, it will distribute according 
to the transmembrane potential. For example, in- 
organic ions, like chloride, bicarbonate, and bro- 
mide, and the ioni2ed form of drugs, like salicylate 
or 5,5-dimcthyl-2,4-oxazolidinedionc (DMO), are 
distributed unequally across the red-blood-cell 
membrane. 



If the ionized portion of a weak electrolyte can- 
not penetrate the membrane, its distribution will be 
determined by its pK B and the pH gradient across 
the membrane. If a pH gradient exists, the degree 
of ionization of the electrolyte on the two sides of 
the membrane will differ. Accordingly, even though 
the concentration of the nonionized fraction on ihe 
two sides is the same, the total concentration of 
the drug (ionized plus nonionized) on the Two 
sides win also differ. To illustrate the effect of pH 
on distribution of drugs, the partitioning of a 
weak acid (pK 0 = 4.4) between plasma (pH = 7.4) 
and gastric juice (pH = 1.4) i 5 depicted in Figure 
1-1. It is assumed that the gastric mucosal mem- 
brane behaves as a simple lipoid barrier that is 
permeable only to the lipid-soluble, nondissociated 
form of the acid. The ratio of nonionized to ionized 
drug at each pH can be calculated from the Hen- 
derson-Hasselbalch equation. Thus, in plasma, the 
ratio of nonionized to ionized drug is 1:1U00; in 
gastric juice, the ratio is 1:0.001. The total con- 
centration ratio between the plasma and the gastric 
juice sides of the barrier is therefore 1000:1. For a 
weak base with a pAT, of 4.4, the ratio is reversed. 
(For more detailed discussions of drug transfer by 
passive processes and the effect of pAT. and pH on 
drug movements, see Albert. 1952; Brodie and 
Hogben, 1957; Schanker. 1962.) 

Specialized Active Transport Processes The 
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passive processes described above do not explain 
the passage of all drugs across cell membranes. 
Specialized active transport processes appear to be 
responsible for the rapid cellular transfer of certain 
foreign organic ions and polar molecules, as well 
as many natural substrates such as sugars, amino 
acids, and pyrimidincs. 

Active transport processes difler from passive 
processes in that they exhibit selectivity, saiurabil- 
ity, and a requirement for energy. Specialized ac- 
tive transport is Kenerally thought to be mediated 
by carriers, membrane components that form a 
complex with the subsiance to be transported. The 
complex is presumed to be formed on one side of 
the membrane and to difiusc to the other side where 
the substance is released, after which the carrier 
returns to the original surface to repeat the proc- 
ess. If the process transports a substance against 
an electrochemical gradient (uphill transport) and 
is blocked by metabolic inhibitors, it is called active 
transport; ions £uch as Na*, K~, and 1'. amino acids, 
certain strong organic acids and bases, and ionized 
forms of weak electrolytes are transported across 
the renal tubule, choroid plexus, and liver cells in 
this manner. Carrier transport thai shows selectiv- 
ity, saturability, and blockade by metabolic inhibi- 
tors bui in which the substance does not move 
against a concentration gradient is called jccilituted 
diffusion. Glucose, pyrimidines. and some of their 
antimetabolites are transported across gastroin- 
testinal epithelium and oiher cell membranes by 
this process. Transport is facilitated by attachment 
to a carrier and is more rapid than simple diffusion. 

Absorption 

It is of practical importance to know the 
manner in which drugs arc absorbed. The 
rate of absorption largely determines the 
latent period between administration and 
onset of action; it is also important in de- 
termining dosage. In many instances, absorp- 
tion influences the choice of the route by 
which a drug is administered- 

Many variables, in addition to the physico- 
chemical factors discussed above, influence 
the absorption of drugs. Absorption from all 
sites of administration is dependent upon 
drug solubility. Drugs given in solution are 
more rapidly absorbed than those given in 
solid form. For those given in solid form, 
the rate of dissolution becomes the limiting 
factor in their absorption. Local conditions 
at the site of absorption alter solubility. Thus, 
at the low pH of the gastric juice, many 
acidic drags are absorbed slowly because 
they precipitate in the fluids of the stomach, 
and dissolution occurs very slowly. Highly 
insoluble substances, such as barium sulfate, 
are not absorbed from the alimentary tract at 



all. The concentration of a drug also influ- 
ences its rate of absorption. Drugs ingested 
or injected in solutions of high concentration 
are absorbed more rapidly than are drugs in 
solutions of low concentration. The circula- 
tion to the site of absorption also affects drug 
absorption is most importantly determined 
area, brought about by massage or local ap- 
plication of heat, enhances absorption of a 
drug, whereas decreased blood flow, pro- 
duced by vasoconstrictors, shock, or other 
factors, slows absorption. The area of the 
absorbing surface to which a drug is exposed 
is one of the more important determinants of 
the rate of drug absorption. Obviously, 
drugs are absorbed very rapidly from large 
surface areas such as the pulmonary endo- 
thelium, peritoneal cavity, and intestinal 
mucosa, and factors that increase the area 
over which a drug is spread enhance ab- 
sorption. Since the absorbing surface is de- 
termined largely by the route of administra- 
tion, it is evident that the rate of drug 
absorption is most importantly determined 
by this factor. Often there is a choice in the 
route by which a therapeutic agent may be. 
given, and a knowledge of the advantages 
and disadvantages of the different methods 
of administration is then of primary impor- 
tance. 

Alimentary Tract The oral route is the 
most ancient method of drug administration. 
It is also the safest, most convenient, and 
most economical. Drugs given by mouth may 
be retained there and absorbed through the 
oral mucosa, or they may be swallowed and 
absorbed from the stomach and intestine. 
Disadvantages to the oral route of ingestion 
of drugs include emesis as a result of irrita- 
tion to the gastrointestinal mucosa, destruc- 
tion of some drugs by the digestive enzymes, 
formation with food of complexes that can- 
not be absorbed, and necessity for coopera- 
tion on the part of the patient. 

Oral Mucosa. The mucosal lining of the 
mouth behaves as a lipoid barrier to the 
passage of drugs, and their absorption 
through the oral mucosa involves the same 
principles outlined above for most epithelial 
membranes. Absorption from the oral mu- 
cosa is rapid. A higher concentration of the 
drug in the blood may be achieved than by 
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absorption lower in the alimentary tract be- 
cause metabolism of drugs as a result of 
passage through the liver is avoided, and be- 
cause the drug is not subjected to possible 
destruction by the gastrointestinal secretions 
or to formation of complexes with foods. 
However, substances that are distasteful or 
that arc irritating should not be given by this 
route. The sublingual route of administration 
permits rapid absorption o[ a variety of 
drugs. It is a convenient method that is 
often overlooked. 

Gastrointestinal Tract. Absorption of 
drugs from the gastrointestinal tract is for 
the most part explainable in terms o[ pH- 
dependent, simple nonionic diffusion across 
the gastrointestinal epithelial membrane, as 
described above and depicted in Figure 1-1. 
For example, alcohol, a lipid-soluble non- 
electrolyte, is rapidly absorbed into the blood 
stream by diffusion across the gastric 
mucosa. Weak acids, such as salicylates and 
barbiturates, which are predominantly non- 
ionized in the acid gastric contents, are also 
readily absorbed from the stomach. In con- 
trast, weak bases, such as morphine, quinine, 
ephedrine, and tolazoline, which are pre- 
dominantly ionized at the pH of gastric juice, 
are poorly absorbed through the gastric mu- 
cosa and are absorbed mainly through the 
intestinal mucosa. Jf the gastric contents arc 
made alkaline, acidic compounds become 
more ionized and are less well absorbed. 
Conversely, basic compounds become less 
ionized and are better absorbed. The pH at 
the surface of the intestinal epithelium 
where absorption occurs is about 5.3; 
consequently, weak bases arc more readily 
absorbed and weak acids less readily ab- 
sorbed than in the stomach. Increasing the 
pH of the intestinal contents enhances this 
difference. Quaternary ammonium com- 
pounds, streptomycin, and other completely 
ionized, lipid-insoluble drugs are very slowly 
absorbed. Succinylsulfathia2ole and other 
drugs, even the nonionic forms of which are 
lipid insoluble, are also poorly absorbed 
from the gastrointestinal tract. The quater- 
nary ammonium compounds may be ab- 
sorbed by formation of a phosphatido-pep- 
tide intermediate. 

Theoretically, the concentration ratio of a weak 
electrolyte between gastric juice and plasma can be 
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as high as I millionfold. Experimentally, the value 
never exceedii 40-fold, because gastric mucosal 
blood flow limits the rate at which the drug can 
be supplied to, or removed from, the gastric juice 
and equilibrium is never attained. The establish- 
ment of concentration gradients of weak electro- 
lytes across the gastric mucosa is a purely physical 
process and does not require an active transport 
system. All That is necessary is to have a membrane 
preferentially permeable to the nonionizablc form 
of the weak electrolyte and the establishment of a 
pH gradient across the membrane. The establish- 
ment of the pH gradient is, however, an active 
transport process requiring expenditure of energy 
io secrete hydrogen and chloride ions. 

Factors orJher than the rate of passage of 
drugs across the gastrointestinal mucosa in- 
fiuencc the absorption of drugs from the ali- 
mentary tract. One of these factors is the rate 
of gastric emptying. Changes in gastric 
emptying might be expected to have opposite 
effects on a' 
weak bases 



absorption of weak acids and 
beca 

ifference in 
gastric and intestinal pH. However, because 
of The large surface area of the intestine, the 
absorption o£ most drugs is reduced if gastric 
emptying is retarded. Other factors that affect 
absorption, such as solubility of a drug in 
gastrointestinal fluids and concentration of 
the administered solution, have been noted 
above. Absorption from the alimentary tract 
may also be retarded or decreased if the in- 
gested drug is unstable in gastrointestinal 
fluid, or if it becomes bound to food or other 
gastrointestinal contents. Simultaneous inges- 
tion of food also delays absorption by de- 
creasing gastric emptying. 

i 

The rate of Absorption of solid forms of drugs 
is dependent mainly on their dissolution rate in 
gastrointestinal fluids, and this factor is the basis 
for the oral prolonged-action or sustained-release 
pharmaceutical preparations. These preparation!; 
include tablets-^khin-tableUi, slowly disintegrating 
tablets, pellets in capsules, slowly dissolving salts 
in solid or liquid suspension, and drugs embedded 
in ion*exchange or inert plastic matrices, all of 
which are designed to produce slow, uniform ab- 
sorption of the) drug and thereby provide a sus- 
tained effect fcjr 8 hours or longer. In addition, 
they are intended to provide rapid onset of action 
by immediate release of sufficient active ingredient 
to raise the level of the drug in the blood to that 
producing the desired therapeutic effect. Potential 
advantages of siich preparations are reduction in the 
frequency of administration of the drug as com- 
pared with conventional forms, maintenance of a 
therapeutic effect overnight, and decreased inci- 
dence of undestred effects by elimination of the 
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peaks in drug concentration that often occur after 
repeated administration of nonsustained-relcasc 
dosage forms. Sustaincd-rclcasc preparations may 
also reduce the hazard of defaulting: from pre- 
scribed treatment by allowing the patient to take 
the drug less often. In the case of some drugs, such 
as certain amphetamines, antihistamines, antitus- 
sives, and tranquilizers, uniformly effective sus- 
tained-release preparations have been achieved and 
are being Used successfully in thcr&py. However, 
each drug must be evaluated separately for its suit- 
ability as a sustained-release preparation. It is ob- 
vious that drugs given for a brief therapeutic effect 
should not be in the sustained-release form. In 
addition, not all marketed preparations are reliable. 
Dissolution rate of some preparations in gastro- 
intestinal fluid may be quite irregular because of 
technical problems associated with their manufac- 
ture and of variations in gastrointestinal pH, 
gastric emptying, intestinal motility, and other 
physiological factors that influence drug absorption. 
Since the total dose of drug ingested at one time is 
equal to 3 to 4 doses of the conventional form of 
the drug, release of the entire amount at once due 
to occasional failure of the material to hold to- 
gether may occur and lead to tonicity. Also, failure 
of adequate release may compromise the thera- 
peutic effect. Therefore, it is incumbent on the 
physician who uses preparations of this type to 
establish a need for a prolonged-action prepara- 
tion and also to evaluate its uniformity, reliability, 
and safety. This is especially necessary since the 
same drugs made into sustained-release formula- 
lions by different processes or by different manu- 
facturers may have release rates and durations of 
actions that vary considerably from each other. 
The use of these nonuniform and poorly re- 
liable preparations cannot be justified at the present 
time. 

Rectal Mucosa, Drugs can also be given 
by the rectal route. This is often useful when 
the oral route is precluded by vomiting or 
when the patient is unconscious. In addition, 
the absorbed drug does; not pass Through the 
liver before entry into the systemic circula- 
tion. However, absorption by this route is 
often irregular and incomplete, and many 
drugs cause irritation of the rectal mucosa. 

Injection. The injection of medicinals 
has at times certain distinct advantages over 
oral administration. In some instances, this 
route of administration is essential for the 
drug to be absorbed in active form. Ab- 
sorption is usually more rapid and more pre- 
dictable than when a drug is given by mouth. 
The effective dose can therefore be more 
accurately selected. In emergency therapy, 
parenteral administration is particularly serv- 



iceable. If a patient is unconscious, unco- 
operative, or unable to retain anything given 
by mouth, parenteral therapy may become a 
necessity. On the other hand, there are sev- 
eral disadvantages to the injection of drugs. 
Strict asepsis must be maintained in order to 
avoid infection, an intravascular injection 
may occur] when it is not intended, pain may 
accompan^ the injection, and it is often diffi- 
cult for a| patient to perform the injection 
himself if pelf-medication is a necessary pro- 
cedure. Parenteral therapy is also mor e ex- 
pensive and less safe than oral medication. 
Absorption of Kpid-solublc drugs from sub- 
cutaneous] and intramuscular sites occurs by 
simple n oh ionic diffusion through the capil- 
lary membranes into the blood and is directly 
proportional to the lipid: water partition co- 
efficient of the drug. The rate of absorption 
is also influenced by the total area of the 
absorbing capillary membranes and by the 
solubility Df the substance in the interstitial 
fluid. Lipid-insolublc drugs arc absorbed into 
the blood \ by penetration through the rela- 
tively large aqueous pores in the endothelial 
membrane; larger molecules, such as pro- 
teins, gain access to the circulation by way 
of lymphatic channels. Some large molecules 
and miciocrystalline substances are ab- 
sorbed from these sites by phagocytosis. 

Subcutaneous. Injection at this site is often 
utilized for jthe administration of medicinals. It can 
be used only for drugs thai arc not irritating to tis- 
sue; otherwise, a slough may occur. The rate of 
absorption following Subcutaneous injection of a 
drug is often sufficiently even and slow to provide a 
fairly sustained effect. Moreover, it may be will- 
fully varied by well-known technics. The sub- 
cutaneous injection of a suspension of a drug in a 
vehicle in which it is insoluble results in a very 
slow rate of absorption. For example, the rate of 
absorption of a suspension of insoluble protamine 
insulin is slow as compared with that of soluble 
insulin, Thfc incorporation of a vasoconstrictor 
agent in a solution of a drug to be injected sub- 
cutaneouslyj also retards absorption. This principle 
is utilized in the combination of epinephrine with 
local anesthetics. Absorption of drugs implanted 
under the skin in a solid pellet form occurs slowly 
over a perilod of weeks or months; several hor- 
mones are effectively administered in This manner. 
{See review] by Scbou, 1 961.) 

Intramuscular, Drugs are often injected deep 
into muscle tissue. From this site, drugs in aqueous 
solution are rapidly absorbed by the diffusion 
processes described above. It is possible to dissolve 
or suspend drugs in oil and inject them intramuscu- 
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ner, for the blood vessel walls are relatively 
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« greatly diluted by the blood J ' 

gers that attend intravenous injections Un- 
avorable reactions are more prone to occur 
than when any other route is used. Once the 
drug is injected there is no retreat, whereat 

ployed absorption can be stopped bv occlud 
mg venous return from the arTa of Lect on 
Repeated intravenous injections are depend 
eat upon the patency of veins. Drugs in 
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°r hemolyze erythrocytes 
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desired, as in spinal anesthesia or 
:tions drugs are sometimes injected 
spmal subarachnoid space 



volar, Th ^ E " dot, » eli ^- Gaseous and 
volatile drugs may be inhaled; thev are then 
absorbed thrbugh the pulmonary endothelium 
o. - mucous (membranes of the respiratory 

cuculanon. fhe principles governing absorp- 
tion and excretion of gases and vapors arc 
discussed m] Chapter 5. Also, solutions ", 
drugs can oe atomized and the fine droplet, 
i" a.r (acrosbl) inhaled. Advantages are the 
almost instantaneous absorption of a druc 
into the blood and, in the case of pulmonary 
drse^e w a , app i icaliori of Ihe / g 



desired ate o action. For example, epineph- 
rine can be given in this manner for the 
treatment of bronchial asthma. The main 
disadvantages, are poor ability to regulate the 
dose, cunobersomeness of the methods of ad- 
ministration, and the fact that many gaseous 
and volatile drugs produce irritation or the 
pulmonary endothelium. 

Mucous libraries. Absorption of 
drugs takes place readily through many of 
the mucous membranes of the body other 
than those of the alimentary canal, and the 
more accessible ones are often employed for 
this purpose. Certain drugs can reach the 
circulation thraugh the mucous membrane, 
of the vagina, urethra, conjunctiva, nose, and 
oropharynx. In many instances, drugs are 
applied at these sites for their local action 
but on occasion it is the systemic effect that 

des,red - In fact, local anesthetics may 
sometimes be absorbed so rapidly from the 
mucous membranes that they produce sys- 
temic toxicity. J ' — ■ * 

,lin ki AV FCW - d 4 E£ readi1v Penetrate the intact 
skm Absorption pf those that do is proposal 

as a lb '' i S ,d h SO,U t i,i V y S,nCe the ^'^r-i S P beh°" 
as a lipoid barriet; the dermis, however is freclv 
permeable to many solutes. As a result tos c eS 
can sometimes nr«ri„ i k.. . l \. ,c ' enc «s 
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sis. This is accomplished by passage of a galvanic 
current through a solution of drug applied 10 the 
skin underneath an electrode. The procedure is not 
often used, since large amounts of drugs are re- 
quired, the dose given is difficult 10 determine, and 
the method is cumbersome. 

Distribution 

After a drug is absorbed or injected into 
the blood stream, it can enter or pass 
through the various body fluid compartments 
—plasma, interstitial fluid, transcellular 
fluids, and cellular fluids. Some drugs cannot 
pass cell membranes and, therefore, are re- 
stricted in their distribution and in their 
sites of action, whereas others pass through 
cell membranes and thereby distribute 
throughout all fluid compartments. In addi- 
tion, some drugs may accumulate in various 
areas as a result of binding, dissolving in 
fat, or active transport. The accumulation 
may be at the locus of action of the drug or, 
more ofLen, in some other location. In the 
latter situation, the site of accumulation may 
serve as a storage depot for the drug. 

Storage Depots. Many areas of the body 
serve as reservoirs for drugs because selec- 
tive accumulation occurs at these sites. 
Stored drug is in equilibrium with that in 
plasma and is released as plasma concentra- 
tions are reduced. As a result, effective 
plasma levels of the drug are maintained for 
a longer period, and pharmacological cflects 
are correspondingly prolonged. However, to 
obtain therapeutically effective levels ini- 
tially, adequate priming doses must be given 
to saturate the binding sites. The following 
are the major drug storage sites in the body. 

Plasma Proteins and Other Extracellular 
Depots. Upon entering the blood, a drug 
may be bound to plasma proteins. Ordinarily 
the binding is to albumin. However, other 
plasma proteins also bind drugs. The binding 
involves reversible bonds of the ionic, hydro- 
gen, and van der Waals types. The extent of 
binding depends on the particular drug. For 
example, it may be high, as with phenyl- 
butazone (98%); or low, as with barbital 
(5%); or practically nil, as with antipyrinc. 
If affinity of a drug for the albumin is high, 
the plasma proteins may serve as a rather 
large storage depot for the drug. For exam- 
ple, suramin, an effective agent in the ther- 



apy of trypanosomiasis, is strongly bound to 
plasma protein, and a single dose of the 
drug confers protection against infection for 
3 months or more- 
Some drugs are stored in connective tissue 
because they are bound to the strongly ionic 
groups of the mucopolysaccharides. Bone 
may also be a reservoir for drugs, and sub- 
stances such as heavy metals and tetracy- 
clines are stored there. The nature of the 
accumulation in bone is not known, but it 
probably is due to adsorption of the sub- 
stances to the bone-crystal surface or incor- 
poration into the crystal lattice. 

Cellular Depots of Drugs. Many drugs 
accumulate in higher concentrations in cells 
than in the extracellular fluids. If the intra- 
cellular concentration is high, the tissue in- 
volved may serve as a large storage depot. 
Accumulation in cells may be brought about 
by active transport or by binding to tissue 
constituents. Tissue binding of drugs usu- 
ally occurs with proteins, phospholipids., or 
nucleoprotcins and is generally reversible. A 
classical example of a drug that binds to tis- 
sue constituents is the antimalarial agent 
quinacrinc. This drug may achieve a concen- 
tration in liver 2000 times that of the plasma 
level 4 hours after a single dose. After 
chronic administration, the accumulation is 
even more pronounced and may amount to 
22,000 limes the plasma level. The binding 
occurs in the nuclei, probably with nucleo- 
proteins. 

Fat as a Depot for Drugs. Many drugs 
have a high lipid solubility and are stored by 
physical solution in the neutral fat. In obese 
persons, the fat content of the body may be 
as high as 50%, and even in starvation it 
makes up 10% of body weight; hence, fat can 
serve as an important depot for storage of 
lipid-soluble drugs. The majority of a drug 
with a high lipid: water partition coefficient 
may enter fat. For example, as much as 70% 
of the highly lipid-soluble barbiturate thio- 
pental may be present in body fat 3 hours 
after administration. 

Transcellular Depots of Drugs. Drugs also 
cross epithelial cells into the transcellular fluids and 
may accumulate in these fluids. The major trans- 
cellular depot in the body is the gastrointestinal 
tract. A drug that is poorly soluble in gastrointesti- 
nal fluid will be slowly absorbed and serve as a 
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reservoir for maintaining the level in the plasma 
and increasing its duraiion in the body. Weak 
bases are passively concentrated in ihc stomach 
from The blood, because of Ihc large pH differentia] 
between the two fluids; the put thus serves as a 
storage depot lor such compounds. 

Drugs do not generally accumulate in the cer- 
ebrospinal fluid, because no protein is prescne for 
binding, they exit relatively rapidly by way of the 
arachnoid villi, some are actively transported out 
of cerebrospinal fluid, and there is only a small pM 
gradient across the choroid plexus. Other trans- 
cellular fluids, such as aqueous humor, endolymph, 
nnd joint fluids, do not generally accumulate drugs 
and constitute only minor storage depots in the 
body. The luminal fluid of the thyroid serves as 
the major storage depot for iodine in ihe body and 
can conccniratc drugs such us ihc perchloraie and 
some other monovalent anions. 

Passage of Drugs into and across Cells. 

The passage of drugs across eel] membranes 
involves ihe same factors discussed above 
for membranes in general. Weak electrolytes 
penetrate cells by simple diffusion in the 
nonionized form in proportion to their lipid: 
water partition coefficient and are distributed 
between extracellular and intracellular fluids 
in proportion to the pH difference of the two 
fluids. However, since the pH difference be- 
tween intracellular and extracellular fluids is 
small (7.0 versus 7.4). the concentration 
gradient across the membrane is also small. 
Weak bases are concentrated slightly inside 
of cells, while the concentration of weak 
acids is slightly lower in the cells than in 
extracellular fluids. Lowering the pH of 
extracellular fluid increases the intracellular 
concentration of weak acids and decreases 
that of weak bases, provided that the pH 
change does not simultaneously affect the 
binding, biotransformation, or excretion of 
the drug. Elevating the pH produces the op- 
posite effects, Nonelecirolytes enter cells by 
diffusion and generally in proportion to their 
lipid solubility, but small molecules such as 
urea penetrate through aqueous channels in 
the membrane. Penetration of strong acids 
and bases that arc completely ionized de- 
pends upon the permeability of, and the 
potential difference across, the cell mem- 
brane. 

The penetration of drugs into subcellular 
particles such as mitochondria, although 
little studied, appears to be an important 
aspect of drug distribution and action. The 
mitochondrial membrane is lipoid in nature, 



and penetration of drugs follows the same 
principles as for cell membranes. 

Pe.uet ration into Central Nervous System find 
Cerebrospinal Fluid. The entrance of drugs into 
the CNS and the cerebrospinal fluid is a special 
aspect of cellular penetration; however, in general, 
it follows the same principles as for transfer across 
other cells. The blood-brain barrier is located not at 
the surface of brain cells but between the plasma 
and extracellular space of the brain, at the base- 
ment membrane of capillary endothelial cells. 
Transfer of drugs acrost neuronal cell membranes 
is like that across any other cell membrane. The 
blood-cerebrospinal fluid barrier is located at the 
choroid plexus. Lipid-insoluble drugs and inorganic 
and organic ions enter the brain much more slowly 
than do lipid-soluble substances. Their rate of en- 
trance is proportional to the size of the molecule; 
large molecules like inulin penetrate slowly, 
whereas small ions like chloride or small nonelec- 
irolytes like urea penetrate more rapidly, but still 
slowly as compared to the rate in other tissues. The 
choroid plexus is also slowly permeable to small 
ions and lipid-insoluble substances but poorly 
permeable or impermeable to large lipid-insoluble 
Substances. 

The routes of exit of drugs from the cerebro- 
spinal fluid differ from the routes of entrance. All 
drugs and many endogenous metabolites, regardless 
of lipid solubility or molecular size (including 
molecules as large as plasma albumin), leave the 
cerebrospinal fluid by flow through the arachnoid 
villi. The speed of exit is the same for all the sub- 
stances and depends on tbe rale of the bulk flow 
of cerebrospinal fluid. In addition, if the drug is 
lipid soluble, it can exit by the same route it 
entered, namely, by diffusion across ihc lipid por- 
tions of the blood-ccrebrospinal fluid boundary. 
Drugs can also diffuse into and out of the brain 
through the blood-brain boundary; exit by this 
route is aided by bulk flow of cerebrospinal fluid 
through the brain and into the capillaries. In addi- 
tion, certain drugs and endogenous metabolites 
may be removed from the cerebrospinal fluid by 
specialized, active transport processes, similar to 
those that exist for organic ions in the renal tubules 
(see below). (For summaries of drug penetration 
into and out of the CNS, see Rail and Zubrod, 
1962; Schanker, 1962.) 

Placental Transfer of Drugs. A knowl- 
edge of the principles of transfer of drugs 
across the placenta is important since drugs 
can exert toxic effects on the fetus and may 
induce congenital anomalies. The transfer 
occurs primarily by simple diffusion; carrier- 
mediated transport is generally restricted 
to endogenous substrates. Nonionized drugs 
of high fat solubility readily enter the fetal 
blood from the maternal circulation. Pene- 
tration is least with drugs possessing a high 
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degree of dissociation and/or low lipid 
solubility. (For summaries of placental trans- 
fer of drugs, see Schanker, 1962; Sym- 
posium, J 964; Goldstein ei ah, 1968.) 

Redistribution. Although termination of 
drug effect is usually accomplished by bio- 
transformation and excretion, it may also 
Tesult from redistribution of the drug from 
its site of action into other tissues; however, 
it is stored there in an active form and its 
ultimate elimination from the body is still 
dependent on biotransformation and excre- 
tion. Jf the inital dose saturates- the storage 
site, a subsequent dose of the drug may pro- 
duce a prolonged effect. The factors involved 
in redistribution of drugs have been exten- 
sively studied for thiopental and are de- 
scribed in Chapter 9. 

Biotransformation* 

Many drugs are lipid-solublc, weak or- 
ganic acids and bases that are readily reab- 
sorbed in the renal tubules. To be excreted 
more rapidly, they must be transformed into 
more polar compounds. These more ionized, 
less lipid-solublc metabolites arc also less able 
to bind to plasma and tissue proteins, less 
likely to be stored in fat depots, and less 
able to penetrate cell membranes. Thus, this 
type of biotransformation usually results 
in inactivation of the drug. Occasionally, 
however, activation may result, or an active 
drug may be transformed into a metabolite 
that is also active. In such cases, termina- 
tion of action takes place by further biotrans- 
formation or by excretion of the active me- 
tabolite in the urine. 

General Considerations- Although much 
of the information concerning the biotrans- 
formation of drugs is based upon observa- 
tions in laboratory animals, many clinical 
studies demonstrate that similar mechanisms 
occur in man. However, the rates at which 
the reactions proceed in the various species 
are often very different; a drug may be rap- 
idly inactivated and have a short duration of 
action in animals, yet be much more slowly 
inactivated and have a long duration of ac- 
tion in man. 



The chemical reactions concerned in the 
biotransformation of drugs can be classified 
as nonyyntheiic and synthetic. The nonsyn- 
thetic reactions involve oxidation, reduction, 
or hydrolysis, and may result in activation, 
change in activity, or inactivation of the par- 
ent drug. The synthetic reactions, also called 
conjugation, involve coupling between the 
drug or its metabolite and an endogenous 
substrate that is usually a carbohydrate, an 
amino acid, derivatives of these or an inor- 
ganic sulfate. Synthetic reactions almost in- 
variably result in inactivation of the parent 
drug. 

Various patterns of biotransformations involving 
nonsymheiic and synthetic reactions may be dis- 
tinguished. (For summaries of drug biotransforma- 
tions, see Symposium. 1962; Williams, 1959, 1963; 
Goldstein et a!., 1968: many others.) 

One type may be exemplified by the following 
reactions: 
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In this case, the inactive parent drug is converted to 
an active chemotherapeutic agent by a reductive 
process, and the active drug is subsequently inacti- 
vated by a synthetic reaction involving acetylation. 
The sojourn of the active drug in the body depends 
upon the relative rates of activation and inactiva- 
tion. 

A second pattern of biotransformation is de- 
picted in the following scheme: 
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Thin biotransformation involves change of the 
parent drug to a metabolite that is also active 
until conjugated. The first step may occur without 
the synthetic second step. For example, the anti- 
convulsant trimcthadione is converted to the 
active metabolite 5,5-dimethyl-2^4-oxazolidinedione 
(DMO) by oxidative N-dcmcthylatioD. DMO is 
not further metabolized but is slowly excreted in 
the urine. A change in the type of biological activ- 
ity may also occur. For example, aniline, a highly 
toxic substance with pharmacological effects similar 
to those of acetanilid and phenacetin, is convened 
in the body to a metabolite that causes methemo- 
globin formation. 

Inactivation may also occur in both the first and 
second steps, as follows: 
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The first phase of inactivation may be oxidative, re- 
ductive, or hydrolytic. Reactions of this Type 'arc 
extremely common and are often responsible for 
the termination of drug activity. The synthetic step 
may not be present in some cases. For example, 
procaine is inactivated by hydrolvtic cleavage to 
p-arninobenzoic acid and diethylaminoethanoJ. 

Another biotransformation, usually resulting in 
inactivation. involves only the synthetic reaction. 
A typical example is the following: 
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These reactions are often called detoxification, and 
many drugs are inactivated in ihis manner. Rarely, 
a change in activity may occur. 

Specific Processes. Bioiransformaiion of drugs 
occurs mainly in the liver, but also lakes place in 
plasma, kidney, and other tissues. 

Oxidation. An important group of oxidative 
enzymes (called mixed-function oxidases) is lo- 
cated in hepatic microsomes. The reactions cata- 
lyzed by these oxidative enzymes include N- and 
O-dealkylation, aromatic rinft and side chain 
hydroxylation, sulfoxide formation, N-qxidation, 
N'hydroxylation, and deamination of primary and 
secondary amines. The replacement of a sulfur by 
an oxygen atom (desulfuration) can also occur. 
Thus, parathion, which contains a — P=S group 
and is inactive, is converted to paraoxon, which 
contains a — P=0 group and is an insecticide 
with anticholinesterase properties. NADPH and 
molecular oxygen are essential in most of these re- 
actions, as discussed below, Some drug oxidations 
are mediated by enzymes other than those of the 
hepatic microsomal system— for example, oxida- 
tion of alcohols in the soluble fraction of the liver 
by dehydrogenation. In addition, monoamine and 
diamine oxidases are mitochondrial en2ymes, 
found especially in liver, kidney, intestine, and 
nervous Tissue, that oxidativdy deaminatc several 
naturally occurring amines as well as a number of 
drugs. Also, many halogcnated compounds used 
as insecticides and industrial solvents are de- 
halogcnated in the soluble fraction of the liver. 
The reactions include replacement of a balidc atom 
by a hydroxyl group, loss of hydrogen halide, and 
replacement of halide by an acetylcysteine group 
(mercapturic acid formation). 

Reduction. Hepatic microsomes and some 
other tissues also contain enzymes that catalyze 
the reduction of nitro groups and the cleavage 
and reduction of the a; 0 linkage. The reactions are 
catalyzed by fiavoproteins that require NaDPH 
as the hydrogen donor and in some cases cyto- 
chrome P-450\ as discussed below. Examples are 
the nitro reduction of chloramphenicol and the azo 
reduction of pkontosil. The conversion of chloral 
hydrate to trichloroethanol is a reduction reaction 
catalyzed by alcohol dehydrogenase. 
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Hydrolysis. These reactions involve dcamida- 
tion by hepatic enzymes and de-esterification by 
esterases located in plasma, soluble fraction of 
liver, and many other tissues. Examples include the 
hydrolysis of procaine, procainamide, meperidine, 
acetylcholine, and many other esters and amides' 
Peptidases in plasma, erythrocytes, and many other 
tissues are involved in the biotransformations of 
the biologically active polypeptides. 

Synthesis (Conjugation). A variety of synthetic 
reactions are involved in the inactivation of drugs 
The substances are conjugated to form inactive 
highly ionized, waicr-soJuble substances that arc 
readily cicreted in the urine. These reactions are 
termed synthetic, since they are endolhermic and 
require a source of energy, usually adenosinctri- 
phosphate (ATP). The reaction involves Bctivatfon 
of either the drug or the conjugating agent. Conju- 
gating enzymes occur mainly in the liver but also 
in other tissues, particularly the kidney. The major 
conjugation reactions are: glucurunidc formation, 
an important pathway in the metabolism of phenols 
alcohols, and carboxylic acids, a process that in- 
volves the formation of uridine diphosphate- 
glucuronic acid (UDPGA), which serves as a donor 
of glucuronic acid to the drug acceptors and is 
catalyzed by various transferase enzymes; ribo- 
nucleotide and ribonucleotide svnthesis. usually 
with analogs of purines and pyrimidincs to form 
biologically active anticancer agents, reactions 
catalyzed by the same enzymes (soluble fraction) 
responsible for formation of the naturally occurring 
nucleosides and nucleotides; sulfate conjugation, 
mainly with phenols and involving formation of an 
active sulfate donor by reaction of inorganic sulfate 
with ATP; ecetylaiion, usually involving the conju- 
gation of acetyl coenzyme A (CoA) with an 
acceptor amine, such as sulfanilamide; O-, S-, and 
N-methylation. with certain types of phenolic com- 
pounds, nicotinic acid, and epinephrine and nor- 
epinephrine, the methyl group being supplied by 
S-meihyladcnosylmcthionine; and glycine conjuga- 
tion, with aromatic acids such as benzoic and 
salicylic acids and involving the formation of a 
CoA-drug intermediate. 

Sites and Mechanisms of Biotransforma- 
tion. Drugs are metabolized by a variety of 
enzymes involved in intermediary metabo- 
lism. For example, some alcohols are 
inactivated by alcohol dehydrogenase; suc- 
cinylcholine, by plasma pseudocholines- 
terase; 6-mercaptopurine, by xanthine 
oxidase. Administered biogenic amines and 
their precursors are biotranslormed by the 
enzymes (monoamine oxidase, tyrosine 
hydroxylase, etc.) involved in the normal 
synthesis and metabolism of these com- 
pounds. However, the majority of drugs are 
metabolized by the hepatic microsomal 
enzymes. 
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Microsomal Drug-Metabolizing System. 
The enzyme systems concerned in the bio- 
transformation of many dru^s and also of 
steroid hormones and lipids" appear to be 
located in the hepatic endoplasmic reticulum 
(ergastoplasm). Fragments of this network 
are isolated from liver homogenates by vari- 
ous technics in the fraction generally called 
microsomes. The microsomal en2ymes cat- 
alyze many of the nonsynthctic and synthetic 
biotransformations described above. Since so 
many drugs arc metabolized by this system 
it is imponam to consider these enzymes in 
some detail and to note the factors that influ- 
ence their activity. 

The endoplasmic reiiculum resembles a kind of 
pipchne or canal system in the cell and may func- 
tion in the transport of substances from one area of 
a cell to another; it i s continuous with the cell 
membrane and with the nuclear membrane As 
lOenlifed by electron microscopy, the reiiculum 
consists mainly of a membrane that often bears 
small r.bonucleoprorein particles, called Palate 
granules which cause ihc reticulum to have a r 0 u/>h 
surface. Only the smoothfaced microsomes l^e 
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drues The rou^h-surfaccd microsomes are con- 
cerned w,th protein SynihcsK 

h™° SI ° k 1 ^ °* idativc a "d some of the reductive 
dn*.m«abol«infi enzymes in the hepatic micro- 
somes are unusual in th a , lney fequirc NADpH 3nd 
ftolccular oxygen for their action. Electron trans- 
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oxidized P-450 This drug-oxidi 2 cd p^j t ) comp i cx , 
after rcduct.on by ibe NHI protein, reacts directly 
»ilh molecular oxygen (o form a drug-oxidized 
r"-450-O complex and water. A hvdroxyl E roup is 
transferred ,o the drug. and oxidized P-450 i s re- 
generated as the oxidized drug is released 
h, !T ° { dr l' e Woiransformation appears to 
enn k n0t , ° nly l ° lhe arnoum of drii-P-450 
The" ™ )° l ° " 5 fa ' C ° f «"y«nMic reduction. 
The amount of c yI ochrome P-450 in liver varies 
from spec.es to species, strain to s.rain. and even 
.nd,VKlu.l to ^dividual; this might explain the 
\*'t* vanabdity „, rate of mctaboJ.sm of a particu- 
lar drug observed in man. When the rate of a drug 
oxidanon ,s tncrcased by prior treatment with a 
ndocine aeenl such as phenobarbital Uec below) 
he amount of cytochrome P-450 also increase and 
ihs can expla ln the enhancing effect of pheno 
barbital on drug-oxidatior. reactions There I 
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lem: ,n these ructions, the drug is nrst oxidized to 
an intermediate, which is then reduced by the H 

function for the motivation of endogenous steroid 
hormones and the oxidation of fattv acicfc* men 
t-oned below, many ^ s ^£ ™ 
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Brodte and Maickel in a symposium OPef)? V 
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General Principles 



The activity of the drug-metabolizing en- 
zymcs in hepatic microsomes, as well as the 
structure and amoum of smooth-surfaced en- 
doplasmic reticulum, is influenced markedly 
by the administration of- various drugs and 
hormones and by the age, sex, strain, tem- 
perature, nutritional status, and pathologi- 
cal state of the animal, Some of these factors 
are discussed below. 

Inhibitors. The effects of many druus arc 
enhanced and prolonged by interference with 
their enzymatic destruction by hepatic micro- 
somal enzymes. The first such compound 
described was SKF 525A (/?-diethylamino- 
ethy]-2 ? 2-diphenylpentanoate) t a compound 
with no other appreciable pharmacological 
effects. Many drugs structurally related to 
SKF 5 25 A and various other compounds 
produce similar inhibition of microsomal en- 
zymes. 

In man. a number of drugs inhibit the me- 
tabolism of other drugs. For example, phenylbma- 
zone and bishydroxycoumarin inhibit the metabolic 
motivation of tolbutamide and profound hypo- 
glycemia occurs if one of these drugs is admin- 
istered concurrently with tolbutamide. Similarly 
bishydroxycounwin and disulfiram inhibit the 
metabolism of diphcnylhydsiuoin and can cau-c 
accumulation of the anticonvulsant to toxic 
levels. In addition, some agents are known to 
enhance the anticoagulant effect of bishydroxy. 
coumann by inhibition of its metabolism: serious 
hemorrhage can result if care is not laken 
when these drugs are given concurrently. These 
inhibitors appear to act in ii variety of ways' 
interference with NADPH-generating systems' 
inhibition of reduction of P-450, and blockade 
ol the transfer of active oxygen from P-450 to 
the drug substrate. They also may inhibit by more 
than one mechanism. For example, SKF 525A is 
converted to a substance that inactivates P-450 but 
it also presumably combines with the active site of 
an N-dealkylase in hepatic microsomes since the 
inhibition is cornpciitive; it is a l so a CO m pt:l i t j ve 
antagonist of microsomal and plasma esterases. (Sec 
Gillette, 1966.) 

Stimulators. Activity 0 f the hepatic mi- 
crosomal enzymes may also be increased by 
the administration of drugs. Prior treatment 
of experimental animals with various asretus 
increases their ability to metabolize both the 
administered drug as well as other related 
and unrelated compounds and some endog- 
enous substrates. After prior treatment of 
rats with phenobarbital, the metabolism of 
zoxazolaminc, hexobarbital, and phenobarbi- 
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tal itself is increased and their pharmacologic 
cal effects are proportionately reduced 
Various carcinogenic hydrocarbons, steroid 
hormones, and at least 200 other agents exert 
similar effects, but still others d'rugs have 
no such enhancing effect on enzyme activity 
The increased activity of the microsomal 
enzymes is probably due to enhanced 
synthesis of cytochrome P-450, NADPH- 
cytochrome C reductase, and other enzymes 
involved in the metabolism of drugs. This 
probability is supported by the facts that 
cihionine, puromycin, and actinomycin, 
which interfere with protein synthesis, block 
the cfTcct and that the enhancement of micro- 
somal enzyme activity docs not occur when 
the stimulating agents arc added to the en- 
zymes in vino. Also, inducers increase RNA 
polymerase activity. Enzyme induction by 
some drugs occurs to a limited extent in 
hepatic mitochondria and in kidney, gastro- 
intestinal tract, adrenal, lung, and, occasion- 
ally, other tissues as well. 

The observations that one drug can stimu- 
late its own metabolism, that of another 
drug, or of normal body constituents have 
wide implications for chronic toxicity tests, 
crossover drug studies in animals and man! 
chrome drug therapy with single or multiple 
drugs, and the development of tolerance to 
drugs. In each situation, the pharmacologic 
cal effects of the second dose or of the sec- 
ond drug administered will be modified by 
the first, since its metabolism will be altered 
by stimulation of the drug-metabolizing en- 
zymes. 

Drug-induced stimulation of microsomal enzyme 
activity occurs in man and plays an important role 
in drug therapy. Enzyme induction is responsible 
for some altered pharmacological effects that occur 
during chronic medication. Many examples have 
been described, but only a few will be presented 
here to illustrate this important concept. Other 
examples arc discussed throughout the text. (For 
excellent reviews, also sec Burns. 1964; Burn* and 
Conoey, 1965; Conney, 1967, 1969.) Concurrent 
administration of phenobarbital and bishydroxy- 
coumann results in lower plasma levels of bishy- 
droxycoumarin and less anticoagulant effect than 
when tnshydro*ycoumarin is administered alone 
Even larger doses of ihe anticoagulant cannot 
maintain adequate blood levels of the drug in the 
presence of phenobarbital. If phenobarbital is dis- 
continued, the plasma level and anticoagulant effect 
of bishydroxycoumarin increase to such an ex- 
tent that severe bleeding may result. Thus when 
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concurrent therapy with a stimulator of drug me- 
tabolism and another drug is undertaken, extreme 
caie must be observed when the dose of cilher is 
increased or reduced. Phcnobafbiul, in addition, 
stimulates the metabolism and lowers the blood 
levels of diphcnylhydanioin, griseofulvin. and 
sminopyrine. As a result of enzyme induction by 
drugs, the hydroxybiion of androgens, estrogens, 
progestational steroids, and glucocorticoids, and 
the conjugation of bilirubin are increased. Chronic 
administration of a drug may also stimulate its own 
metabolism and thereby cause tolerance. Environ- 
mental carcinogens, insecticide?, and cigarette 
smoking have been shown to induce hepatic drug- 
metabolizing eiuymes in experimental animals. The 
-implications of- this effect for man are- now being 
assessed. Cigarette smoking, for example, enhances 
the metabolism of nicotine in man, and this may 
explain the tolerance to nicotine that occurs in 
smokers. Whether smoking also stimulates the 
metabolism of commonly used drugs in man is an 
important, but unanswered, question. The inductive 
effect of phenobarbiial on glucuronide conjugation 
has been used to advantage in the treatment of 
hyperbilirubinemia in infants with conpcnilal non- 
hemolytic jaundice; phenobarbital treatment lowers 
the free plasma bilirubin concentration, and the 
jaundice disappears. In such infants there is a ge- 
netic deficiency in formation of flucuronides. and 
phenobarbiial treatment enhances the activity of 
giucuronyl transferase that carries out this reaction. 

Excretion 

The kidney is the most important organ 
for drug excretion. Drugs and their metabo- 
lites excreted in the feces are derived either 
from unabsorbed orally ingested drug or 
from metabolites excreted in the bile and 
not reabsorbed from the intestinal tract. Ex- 
cretion of drugs in milk is important not be- 
cause of the amounts eliminated but because 
the excreted drugs are potential sources of 
unwanted pharmacological effects or toxicity 
in the nursing infant. Pulmonary excretion is 
of importance mainly for the elimination of 
anesthetic gases and vapors, but some 
metabolites of toxic substances are excreted 
by this route. Factors affecting pulmonary 
excretion are discussed in Chapter 5. 

Drugs are eliminated from the body either 
unchanged or as metabolites. Generally, the 
more polar compounds are excreted un- 
changed. The less polar, lipid-soluble drugs, 
however, are not readily eliminated untii 
they are metabolized to more polar, less 
lipid-soluble compounds. 

Renal Excretion. Excretion of drugs in 
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the urine involves three processes: passive 
glomerular filtration, active tubular secre- 
tion and reabsorption, and passive tubular 
diffusion. The amount of drug entering the 
tubular lumen by filtration is dependent on 
the filtration rate and the degree of plasma 
protein binding. In the proximal renal 
tubule, strong organic acids and bases are 
added to the glomerular filtrate by active, 
carrier-mediated tubular secretion. Many or- 
ganic acids, such as penicillin, are trans- 
ported by the system that secretes naturally 
occurring substances such as uric acid; many 
organic bases, such as tetraethylammonium, 
are transported by another system that se- 
cretes choline, histamine, and other naturally 
occurring bases. Ionic forms of some weak 
electrolytes, such as salicylate, chlorothia- 
zide, and quinine, are also secreted into the 
tubular lumen by these mechanisms. The 
characteristics of tubular transport systems 
are described in detail in Chapter 41. ' 

In the proximal and distal tubules, the 
nonionized forms of weak acids and bases 
undergo reabsorption or excretion by passive 
diffusion. By definition, a passive diffusion 
mechanism is potentially bidirectional, and 
drugs may diffuse across tubular cells in 
either direction, depending upon the concen- 
trations of the drug and the pH on the two 
sides of the tubular cells. Under normal con- 
ditions, even when the pH gradient in the 
distal tubule favors diffusion into the urine, 
the net effect is reabsorption, since the bulk 
of the drug will diffuse out of the urine 
as reabsorption of strong electrolyte and 
water creates a concentration gradient of the 
nonionized form in the direction of urine to 
blood. Passive reabsorption of the ionized 
form may also occur, but the proportion is 
considerably less than that of the nonionized 
form. When the tubular urine is more alka- 
line than plasma, weak acids are excreted 
more rapidly, primarily because of a decrease 
in net passive reabsorption. When the tubular 
urine is more acid than plasma, the excre- 
tion of weak acids is reduced. The effects of 
alkalinization and acidification of the urine 
on the excretion of weak bases are the op- 
posite of those on the excretion of weak 
acids. In poisoning, the excretion of some 
drugs can be hastened by appropriate alka- 
linization or acidification of the urine. (See 
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Orloff and Berliner, 1961; Mudse and Wei- 
ner, 1963.) 

Hepatic and Fecal Excretion. Many me- 
tabolites of drugs formed in the liver arc 
excreted into the intestinal tract in the bile. 
The metabolite may be excreted in the feces, 
but the greater portion is usually reab- 
sorbed into the blood and ultimately excreted 
in the urine. For example, diphcnylhydantoin 
is metabolized in the liver, chiefly to bydroxy- 
diphenylhydantoin; all of this metabolite 
enters "the bile' and hence into the intestinal 
tract, but it is subsequently reabsorbed and 
is ultimately excreted in the urine. The 
metabolite of colchicine, in contrast, is se- 
creted in the bile and excreted only in feces, 
since absorption across the intestinal mucosa 
does not occur. Both strong organic acids 
and strong organic bases are actively trans- 
ported from hepatic cells into bile by proc- 
esses similar to those that transport these 
same substances across renal tubules. 

Excretion by Other Routes. Excretion of drugs 
into sweat and saliva takes place by similar mech- 
anisms, but both routes arc quantitatively unim- 
portant. Excretion is dependent mainly Upon diffu- 
sion of the nonionized, lipid-solubie form of drug* 
through the epithelial cells of the gland Sl since the 
jomzed forms pass only slowly i mo these secretions 
Thus, pK» of the drug and pH of the primary se- 
cretion formed in the acini of the glands are im- 
portant determinants of secretion rale. Nonionic 
reabsorpuon of the drug from the primary secretion 
probably also occurs in ihc ducts of the glands, and 
this process is dependent on the pH of the fluid in 
Lhe duct lumen. It is not known whether active se- 
cretion of drug occurs across the ducts of the gland 
Lipid-insoluble compounds, such as urea and glyc- 
erol, appear to enicr saliva and sweat at rates pro- 
portional to their molecular weight, presumably bv 
miration through aqueous channels- in the mem'- 
crane. Drugs excreted in the saliva enter the mouth 
where they arc usually swallowed. Their fate there- 
after is the same a* that of drugs taken orally 

The same principles apply i Q excretion of drugs 
in milk. Sjnce milk is more acidic than plasma, 
basic compounds may be concentrated in this fluid 
In contrast, the concentration of acidic compounds 
in milk is lower than in plasma. Nonelcctrolytes, 
such as ethanol urea, and antipyrjne, readily enter 
milk and reach the same concentration as in plasma 
independently of the p H of the milk. (See summary' 
by S\owc and Plan, 1968.) y 

MECHANISMS OF DRUG ACTION 

The most fundamental aspect of pharma- 
codynamics is that which deals with the 
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mechanisms of drug action. Before sum- 
marizing some general concepts pertaining 
to this fascinating subject, it i s helpful to 
emphasize the distinction between drug ac- 
tion and drug effect, and clearly to define the 
objectives of analysis of drug action 

Although often considered as synonyms 
the terms action and effect have useful phar- 
macological connotations that should be pre- 
served. With certain obvious exceptions 
most drugs are thought to produce their ef- 
fects by combining with enzymes, cell men> 
branes, or other specialized functional 
components of cells. Drug-cell interaction is 
presumed to alter the function of the cell 
component and thereby initiate the series of 
biochemical and physiological changes that 
are characteristic of the drug Only the 
initial consequence of drug-cell combination 
is correctly termed the action of the dm*- 
the remaining eventrare properly called drug 
effects. The objectives of analysis of drug 
action arc identification of the 'primary ac- 
tion, delineation of the details of the chemi- 
cal reaction between drug and cell; and 
characterization of the full action-effects se- 
quence. Only the complete analysis provides 
a truly satisfactory basis for the therapeutic 
use ol the drug, but this is an ideal that is 
infrequently attained. 

Structure-Activity Relationship. The ac- 
tions of a drug are intimately related to 
us chemical structure. The relationship is 
frequently quite specific, and relatively 
minor modifications in the drug molecule 
may result in major changes in pharmacologi- 
cal properties. Exploitation of structure- 
activity relationship has led to the synthesis 
of many valuable therapeutic agents. Since 
changes in molecular configuration need not 
alter all actions and effects of a drug equally, 
it is sometimes possible to develop a con- 
gener with a more favorable therapeutic 
index or more acceptable secondary charac- 
teristics than those of the parent drug. In 
addition, effective therapeutic agents have 
been fashioned by developing structurally 
related competitive antagonists of other 
drugs or of endogenous substances known 
to be important in biochemical or physio- 
logical function. 

Sometimes the structure-activity relation- 
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Mechanisms 

ship appears quite broad. For example, many 
chemically dissimilar drugs exhibit local 
anesthetic activity, and compounds of totally 
different chemical structure produce similar 
CNS depressant effects. These examples do 
not negate the significance of the structure- 
activity relationship, but merely emphasize 
that much remains to be learned of the basic 
mechanisms of action of most drugs and 
that they may produce overtly similar effects 
by more than a single mechanism. 

Drug Receptors. The cell component di- 
rectly involved in the initial action of a drug 
is usually termed its receptive substance or, 
simply, its receptor The chemical groups 
that participate in drug- receptor combina- 
tion and the adjacent portions of the receptor 
that favor or hinder access of the drug to 
these active groups are known as receptor 
groups or receptor sites. The formation of 
the drug-recepior complex, the initial action 
of the drug, and the early events in the ac- 
tion-effects sequence are sometimes referred 
to collectively as the receptor process. Drug- 
cell interactions that do not initiate drug 
action, such as the binding of drugs to 
plasma and cell proteins and to enzymes 
concerned with biotransformation and trans- 
port of drugs, arc said to involve secondary 
receptors, silent receptors, sites of loss, 
storage sites, or drug acceptors. 

Receptors and Theories of Drug Action, 
As early as 1878, even before he coined the 
term receptive substance, Langley suggested 
that drug-cell combinations, and hence the 
actions and effects of drugs, were probably 
governed by the law of mass action. This 
view was extensively developed by A. J. 
Clark in the 1920s, and it remains the key- 
stone of most theories of drug action. Thus 3 
theories of drug action are quite similar to 
theories of enzyme action and are essentially 
identical when a drug serves as an antime- 
tabolite or enzyme inhibitor. 

A drug that combines with receptors and 
initiates an action-effects sequence is said to 
possess both affinity and efficacy (or intrin- 
sic activity) and is termed an agonist; one 
that combines with the same receptors but 
fails to initiate drug action is considered to 
lack efficacy and acts as a competitive an- 
tagonist. An agonist that produces a smaller 
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maximal effect Than do other agonists that 
act on the same receptor is said to have 
intermediate efficacy and is termed a partial 
agonist. The effects of a partial agonist and 
those of a full agonist acting on the same re- 
ceptor may be additive, or the partial agonist 
may antagonize the full agonist, depending 
upon their relative concentrations. Many 
examples of partial agonists have been noted 
among the autonomic agents, and nalorphine 
and related so-called opioid antagonists ap- 
pear to be partial agonists for certain 
opioid receptors. Why various drug-receptor 
combinations differ in their ability to initiate 
drug action remains to be explained. 

The major value of receptor theory is that 
of providing a conceptual framework for 
analysis of mechanism of drug action. How- 
ever, it must be emphasized that drug action 
is defined not by an equation derived from 
receptor theory that relates dose and effect 
or that describes the pattern of drug inter- 
action, but only by identification of the role 
of drug receptors in normal cellular func- 
tion and by characterization of the action- 
effects sequence. 

For certain applications of receplor theory, it is 
ncccRS3ry to assume some relationship between 
drug-receptor interaction and intensity of drug 
effect. In ihe classical receptor theory developed 
by Clark, it was assumed that drug effect is propor- 
tional to the fraction of receptors occupied by drug, 
and that maximal effect results when all receptors 
are occupied. Neither of these assumptions is 
likely, and subsequent modifications of occupation 
theory have assumed other relationships between 
receptor occupation and drug effect and have per- 
mitted the possibility that maximal effect may be 
achieved when only a portion of receptors is occu- 
pied. The latter concept is described as that of 
spare receptors or receptor restrvt. It has also 
been proposed thai drug effect may be a function 
not of receptor occupation but of the rate of drug- 
leceplor combination. This rate theory Is attractive 
because it relates drug efficacy to the rate of dis- 
sociation of the drug-receptor complex and explains 
certain other aspects of the time course of drug 
effect. 

Although receptors for most drugs have yet to 
be identified, there is little doubt that drug-cell 
combinations that obey mass-law kinetics are in- 
volved in drug actions. The many discrete relation- 
ships between chemical structure and biological ac- 
tivity and the competitive interaction of chemically 
similar drugs are difficult to explain except in these 
terms. Receptor groups, like the active centers of 
enzymes, arc thought to be carboxyl, amino, 
sulfhydryl, phosphate, and similar reactive groups 
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spatially orienicd in a pattern complementary to 
that of the drugs with which Vhcy react. The binding 
of druu to receptor is thought to be accomplished 
mainly by ionic and other relatively weak, reversi- 
ble bonds. Occasionally, firm covalcnt bonds are 
involved, and the drug effect is only very slowlv 
reversible. 

Classification oj Receptors and Druf> Ef- 
fects. The statement that a drug activates 
or blocks specified drug receptors should not 
be mistaken as a description of its mecha- 
nism of action. Drug receptors are classified 
on ihe basis of the effect, or lack of effect, 
of selective antagonists and by the relative 
potencies of representative agonists. For ex- 
ample, the effects of acetylcholine that mimic 
those of the alkaloid muscarine and that arc 
selectively antagonized by atropine arc 
termed muscarinic effects. Other effects of 
acetylcholine that mimic those of nicotine 
and that are not readily antagonized by atro- 
pine but are selectively blocked .by other 
drugs are described as nicotinic effects. By 
extension, these two types of cholinergic ef- 
fects are said to be mediated by muscarinic 
or nicotinic receptors. Such classification of 
receptors contributes little to delineation of 
mechanism of drug action. Nevertheless, 
since the effects and receptors in the various 
tissues have been classified, a statement that 
a drug activates or blocks a specified type 
of receptor is a succinct summary not only of 
its spectrum of effects but aJso of the drugs 
that it will antagonize, or that will antagonize 
it. The use of receptor terminology to de- 
scribe drug effects has been developed most 
extensively in connection with neurotrans- 
mitters and autonomic drugs, but the same 
concepts apply to other classes of drugs. 
However, receptor terminology is useful only 
if the drugs chosen for classifying drug re- 
ceptors are selected in a meaningful manner, 
and if the effects of these drugs have been 
well characterized. 

Sites of Action. Some drugs act only on 
certain cells, tissues, or organs and thereby 
exert localized effects. Other drugs act on 
most cells of the body and thus exert gen- 
eralized effects. Localization of drug effect 
docs not necessarily depend upon selective 
distribution of the drug. Some drugs act 
extracellularly; others, at the cell surface; 
and still others, intracellular 7y. 
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Certain drugs act directly on effector cells; 
others influence effector cells indirectly. A 
substance may lower blood pressure directly 
by inhibition of vascular smooth muscle, or 
indirectly by acting on the vasomotor center 
or on autonomic ganglia. Drugs may also 
produce their effects indirecily by promoting 
or preventing the action of another sub- 
stance. Many of the effects of neostigmine 
are due to the preservation of acetylcholine 
at neuroeffector junctions, as a result of in- 
hibition of the enzyme that normally destroys 
this neurotransmitter; and many of the effects 
of atropine are the result of competition 
with acetylcholine for its effector sites. 

Biochemical and Biophysical Mechanisms 
of Action. The clinical effects of a drug can 
usually be described in terms of alterations 
of physiological function, and they can often 
be correlated with biochemical and biophys- 
ical effects of the agent. However, the pri- 
mary actions of drugs have been elucidated 
in relatively few cases. Not infrequently, 
analysis of drug action is limited by available 
physiological and biochemical knowledge. 
Elucidation of basic cellular function and 
further exploration of drug action then pro- 
ceed in parallel, often with the drug serving 
as an indispensable tool. 

There are a few instances in which the mecha- 
nism of drug action is evident. Magnesium sulfate 
acts as a cathartic, because the magnesium and 
sulfate ions arc poorly absorbed and, therefore, 
exert an osmotic force that retains water in the 
lumen of the bowel, Also, dimcrcaprol (BAL) and 
other agents arc useful in therapy of heavy-metal 
intoxication because they chelate with these metals 
to render them nontoxic. 

Drugs may act by influencing the bound forms 
of endogenous, physiologically active substances. 
For example, the pharmacological effects of some 
drugs have been traced to the displacement of hor- 
mones, such as thyroxine, estradiol, and Cortisol, 
from their binding sites on plasma proteins. Sim- 
ilarly, the pharmacological effects of tyramine re- 
sult from release of norepinephrine from granules 
m adrenergic nerve terminal*, and some anii- 
adrenergic agents prevent the release of stored 
mediator. Other antiadrcnergic drugs inhihit bind- 
ing or decrease synthesis of norepinephrine and 
deplete the neurotransmitter from the nerve end- 
ings. 

Drugs may also act by influencing any of the 
steps involved in maintenance of normal cell func- 
tion. Thus, they may enhance or prcvenl the en- 
trance into the cell of substances necessary for 
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energy production, symhciic reactions, or main- 
tenance of the osmotic and electrical properties of 
the cell. These changes may be brought about 
either by interactions with specific drug receptors 
or by changing Ihe structure of the surrounding 
solvent without interacting with the cells directly- 
general anesthetics may act in this latter way* 
Transport of glucose into cells is enhanced by insu- 
lin, the uptake of choline by nerve cells is blocked 
by hemicholinuim. active transport of sodium and 
potassium is inhibited by digitalis, and the perme- 
abiUty of the neuromuscular junction to ions is 
increased by acetylcholine. Many drugs inhibit or 
enhance enzyme activity or influence energy pro- 
duction. For example, epinephrine enhances liver 
. ...phosphorylasc achviiy by accelerating ihe formation 
of cyclic t adcnosinc-3\5'-monopho5phaic throuch 
the activation of the enzyme adenyl cyclase. AcenLs 
such m salicylates, thyroxine, and 2,4.dinitrophcnol 
in high dosage uncouple phosphorylation from oxi- 
dation Uncoupling by thyroxine has been at- 
tnbuted to a change in the spatial arrangement of 
mitochondrial enzymes as a result of SWel/ing- but 
this is not the pnmary action of the hormone since 
the mechamsm whereby the swelling of 'mito- 
chondria is produced must still be elucidated )n 
physiological doses, however, thyroxine causes in- 
creased synthesis of nuclear, ribosomal, and cv,o- 

;£ ^j^j^ of 

vniv^H j„ P Ui ynicrjsc and other enzymes in- 
volved m nucleic a «d and protein synthesis. Hor- 

S fc n? PI °" y ^ Md 0th6f and the 
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of steps involved ,n these processes, many sites of 
drug act lon are possible. Thus, insul n iX £ to 
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EFFECTS TERfZAT,0N ° F DRUC 

The effects of drugs are variously expressed 
as biochemical or physiological changes, or 
l l ^cun-ence or relief of clinical symp- 
om 5 . Thus, drugs arc described as anticoacu- 
lants, vasoconstrictors, psychotomimetics, 
analgesics, and so forth. However, for evalu^ 
ation and comparison of drugs, their effects 

further characterized in terms of maximum 
efficacy, variability, and selectivity. Equally 
important is delineation of the time course 
01 dmg effect, both after administration of 
single doses of the drug and during chronic 
dedication. 
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Time Course of Drug Effect. The various 
effects of a drug need not have the same 
lime course. Each cifect is commonly char- 
acterized by its latency, rime aj peak efiect, 
and duration. Although also modified indi- 
rectly by the factors that influence duration 
of effect, the latent period between admin- 
istration of the drug and onset of effect is 
determined largely by the route of admin- 
istration and the rates of absorption and 
distribution of the drug. The rate of biotrans- 
formation to an active metabolite may also 
be important. Similarly, although also mod- 
ified by continuing absorption from the site 
of administration, duration of effect is deter- 
mined primarily by the rates of inactivation 
and excretion of the drug. In addition, re- 
distribution from its locus of action to storage 
sues, physiological reflexes and develop- 
ment of drug tolerance may also contribute 
to termination of drug effect. In most cases, 
as dosage is ^ increased, latency is reduced 
and duration is prolonged. Duration of effect 
is also conveniently expressed in terms of 
the hall-times for decline of effect and. when 
»t closely parallels drug effect, for decline 
of plasma concentration of the drug. These 
indices of duration of effect arc particularly 
useful for describing dosage schedules for 
chronic medication, 

The Dose-Effect Relationship. Ideally 
the relationship between dose and effect is 
based upon the effects attained under equi- 
librium conditions. However, in practice, 
the dose-effect relationship is commonly de- 
rived from the peak effects after single doses 
of the drug. There is no single characteristic 
relationship between intensity of drug effect 
and drug dosage. A dose-effect curve may be 
linear, concave upward, concave downward, 
or sigmoid. Moreover, if the observed effect 
is the composite of several effects of the 
drug, such as the change in blood pressure 
produced by a combination of cardiac, vas- 
cular, and reflex effects, the dose-effect curve 
need not be monotonic. However, a com- 
posite dose-effect curve can usually be re- 
solved into simple curves for each of its 
components; and simple dose-effect curves, 
whatever their precise shape, can be viewed 
as having four characterizing parameters: 
potency, slope, maximum efficacy, and vari- 
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ability. These arc illustrated in Figure 1-3 
for the common sigmoid log dose-effect 
curve. The logarithmic transformation of 
dosage is often employed for the dosc-cffect 
relationship, because it permits display of a 
wide range of doses on a single graph, and 
because it has certain mathematical advan- 
tages when dosc-effect curves are compared. 
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Figure 1-3. 



DOSE OR LOG DOSE 
The dose-effect relationship. 



Representative dose-effeci curve, illustrating 
iis four characterizing parameters (sec text 
for explanation). 

Potency. The location of its dose-effect 
curve along the dose axis is an expression of 
the potency of a drug. Potency is influenced 
by the absorption, distribution, biotransfor- 
mation, and excretion of a drug, as well as 
being determined by its inherent ability to 
combine with its receptors. Potency is a rela- 
tively unimportant characteristic of a drug, 
since it makes little difference whether the 
efiective dose of a drug is 1 fig or 100 mg, 
as long as the drug is administered in ap- 
propriate dosage. Potency is not necessarily 
correlated with any other characteristic of a 
drug, and there is no justification for the view 
that the more potent of two drugs is clinically 
superior. Low potency is a disadvantage only 
if the effective dose is so large that it is awk- 
ward to administer. Extremely potent drugs, 
particularly if they arc volatile or are ab- 
sorbed through the skin, may be ha2ardous 
and may require special handling. 

For therapeutic applications, the potency 
of a drug is necessarily stated in absolute 
dosage units (25 jug, 10 mg/kg, etc.); for 
comparison of drugs., relative potency, the 
ratio of equieffective doses ('/o^Sx, etc.) 
is a more convenient expression. 

Slope. The slope of the more-or-less lin- 
ear, central portion of the dosc-effect curve 



is of more theoretical than practical impor- 
tance. For example, a steep dose-effect curve 
for a CNS depressant implies thai there is 
a small ratio between the dose that produces 
coma and that which causes mild sedation., 
and that excessive or inadequate effect may 
occur if the dose of the drug is not carefully 
adjusted. Nevertheless, many factors influ- 
ence the margin of safety of a drug and the 
variability of its effects, and these character- 
istics of a drug arc properly expresed by 
methods that summarize the contributions 
of all factors (see below). It should be noted 
that doubling the dose of a drug docs not 
necessarily produce twice the effect, and the 
quantitative relationships between dose and 
effect should not be confused in this manner. 

The significance of the slope and shape of 
the dose-effect curve in analysis of drug ac- 
tion is beyond the scope of the present dis- 
cussion. However, it deserves passing men- 
tion that mere parallelism of their dose-effect 
curves is not a reliable basis for concluding 
that different drugs produce their effects by 
the same mechanism. 

Maximum Efficacy. The maximum effect 
produced by a drug, even at very large dos- 
age, is termed its ceiling effect and is referred 
to as its maximum efficacy or, simply, ef- 
ficacy, Maximum efficacy of a drug may be 
determined by its inherent properties and be 
reflected as a plateau in the dose-effect curve, 
but it may also be imposed by other factors. 
If the undesired effects of a drug limit its 
dosage, its efficacy will be correspondingly 
limited, even though it is inherently capable 
of producing a greater effect. Maximum ef- 
ficacy of a drug is clearly one of its major 
characteristics. One of many important dif- 
ferences between morphine and aspirin is 
that the opiate has sufficient efficacy to pro- 
vide relief of pain of nearly all intensities, 
whereas the salicylate is effective only against 
mild-to-moderate pain. 

Efficacy and potency of a drug are not 
necessarily correlated, and these two char- 
acteristics of a drug should not be confused. 

Biological Variation. 7~he more impor- 
tant factors that modify drug effect are sum- 
marized later in this chapter. However, even 
when all known sources of variation are con- 
trolled or taken into account, drug effects arc 
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Characterization of Drug Effects 



never identical in all patients, or even in a 
given patient on different occasions. A dose- 
effect curve applies only to a single indi- 
vidual under carefully controlled conditions 
or to the average individual. The perpendic- 
ular brackets in Figure U3 indicate that 
biological variation of the dose-effect rela- 
tionship can be visualized in cither of two 
ways. The vertical bracket expresses the fact 
that a range of effects will be produced if a 
given dose of a drug is administered to a 
group of individuals; alternatively, the hori- 
zontal bracket expresses the fact that a range 
of doses is required to produce a specified 
intensity of effect in all individuals. 

Dose-Percent Curve. The dose of a drug 
required to produce a specified intensity of 
effect in an individual is termed the indi- 
vidual effective dose. Individual effective 
doses of most drugs are lognormally dis- 
tributed, which means that the familiar 
normal curve of variation is obtained if the 
logarithms of the individual effective doses 
for a group of patients are expressed as a 
frequency distribution. A cumulative fre- 
quency distribution of individual effective 
doses, that is, the percentage of individuals 
that exhibit the effect plotted as a function 
of logarithm of dose, is known as a dose- 
percent curve. Although also a sigmoid curve, 
the dose-percent curve is not a dose-effect 
curve but merely an expression of individual 
variability for a single effect. 

The dose of a drug required to produce a 
specified intensity of effect in 50% of indi- 
viduals is known as the median effective dose 
and is abbreviated ED50 (not EDr, 0 ). If death 
is the end point, the median effective dose 
is termed the median lethal dose (LD50). 
The doses required to produce the stated 
effect in other percentages of the population 
are similarly expressed (ED2G\ LD90 ; etc.). 
Similar notations arc also often used to refer 
to the dose of a drug required to produce 
a stated fraction of the maximum effect or 
a stated intensity of effect. These conflicting 
uses of the same abbreviations should not be 
confused. 

Terminology. Specific terms are used to 
refer to individuals who are unusually sensi- 
tive or unusually resistant to a drug, and to 
describe those in whom a drug produces an 
unusual effect. If a drug produces its usual 
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effect at unexpectedly low dosage, the indi- 
vidual is said to be hyperreactive. Hyperre- 
activity should not be described as hypersen- 
sitivity, since this term is usually used to refer 
to the pattern of effects associated with drug 
allergy. Hyperreactivity to a drug should be 
termed supersensitivity only if the increased 
sensitivity is the result of denervation. If a 
drug produces its usual effect only at unusu- 
ally large dosage, the individual is said to be 
hyporeactive. Hyporcactivity is also described 
as tolerance, but this term has the connota- 
tion of hyporeactive acquired as the result 
of prior exposure to the drug. Tolerance that 
develops rapidly after administration of only 
a few doses of a drug is termed tachyphylaxis 
Hyporeactiviry should be described as im- 
munity only if the acquired tolerance is the 
result of antibody formation. 

An unusual effect of a drug, of whatever 
intensity and irrespective of dosage, that oc- 
curs in only a small percentage of individuals 
is often termed idiosyncrasy. However, this 
term is frequently considered a synonym for 
drug allergy and has so many other connota- 
tions that it probably should be abandoned- 
Unusual effects of drugs have also been 
called meia reactions, but this term has not 
gained wide acceptance. Perhaps unusual 
effects of drugs arc best described as such or 
by terms that refer to the underlying mech- 
anism; they are often types of drug allergy 
or a consequence of genetic differences. 

Selectivity. A drug is usually described 
by its most prominent effect or by the action 
thought to be the basis of this effect. How- 
ever, such descriptions should not obscure 
the fact that no drug produces only a single 
effect. Morphine is correctly described as an 
analgesic, but it also suppresses cough and 
causes sedation, respiratory depression, con- 
stipation, bronchiolar constriction, release of 
histamine, antidiuresis, and a variety of other 
effects. A drug is adequately characterized 
only in terms of its full spectrum of effects. 
The relationship between the desired and 
undesircd effects of a drug is termed its thera- 
peutic index, margin of safety, or selectivity. 
Rarely is a drug sufficiently selective to be 
described as being specific. For therapeutic 
applications, selectivity of a drug is clearly 
one of its more important characteristics. 
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Because the ideal drug produces its desired 
effect m all patients without causing toxic 
effects jn any, and because dose-percent 
curves need not be parallel, it is sometime, 
argued that therapeutic index should be de- 
fined as the ratio between the minimum toxic 
dose and the maximum effective dose. How- 
ever, minimum and maximum effective doses 
cannot be estimated with precision, and thera- 
peutic index is usually defined as the ratio 
between the median toxic dose and the me- 
dian effective dose (TD50/ED50). In lab- 
oratory studies, therapeutic index is often 
based upon the median lethal dose (LD50/ 
ED50). In clinical studies, drug selectivity j s 
often expressed indirectly by summarizing 
the pattern and incidence of adverse effect* 
produced by therapeutic doses of the drug 
and by indicating the proportion of patients 
who were forced to decrease drug dosage or 
discontinue medication because of adverse 
eiTects. These indirect procedures are often 
adequate, but comparison of dose-effect 
curves for desired and undesired effects is 
more consistently meaningful and is preferred 
whenever feasible. 

A drug does not have a single therapeutic 
index, but many. The margin of safety of 
aspirin for relief of headache is neater than 
us margm of safety for relief of arthritic 
pain, since the latter use requires larger dos- 
age Similarly, several therapeutic indices 
can be calculated for each desired effect A 
synthetic opiate substitute may cause less 
constipation than morphine and yet afford 
no advantage over the parent compound with 
regard to respiratory depression or sedation 
Moreover, a drug may be selective within 
one context yet still be nonselective within 
another. The antihistamines are correctly 
described as selective antagonists of hista- 
mine, yet none of these drugs produces this 
selective peripheral effect without also caus- 
ing significant central sedation. Finally a 
drug may be correctly described as having 
an adequate margin of safety in most pa- 
tients, but this description is meaningless for 
the patient who exhibits an unusual response 
to the drug. Penicillin is essentially nontoxic 
in the majority of patients, yet it has caused 
death in those who have become allergic to it. 

Biological Assay. Alkaloids and other 
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highly purified drugs obtained from plants 
and animals can usually be standardized by 
their chemical or physical properties. How- 
ever, drugs that are only partially purified, 
such as certain digitalis preparations and 
various hormones, vitamins, antibiotics, and 
vaccines, must be standardized by their bio- 
logical properties. The estimation of the 
relative potencies of such preparations by 
comparison of their biochemical, pharma- 
cological, or toxic effects is termed biological 
assay or, simply, bioassay. An effect of the 
preparation is compared with that of a refer- 
ence standard under carefully controlled con- 
ditions. The reference standard is usually a 
highly purified, often crystalline, preparation 
of the substance being assayed. The potencv 
of a preparation standardized by biological 
assay is usually expressed in units, or weight 
equivalent, of the reference standard. Official 
drugs have legally required methods of assay, 
and both the assay procedure and the refer- 
ence standard arc rigidly defined. These are 
often the same as those specified by an inter- 
national committee. Nonofncia] preparations 
that arc assayed by different methods or 
against different reference standards may- 
vary considerably in relative potency. 

FACTORS THAT MODIFY DRUG 
EFFECTS AND DRUG DOSAGE 

Many factors modify the effects of drugs. 
Some of these, .such as the development of 
drug allergy, result in qualitative differences 
in the effects of a drug and may preclude its 
safe use. Others produce only quantitative 
changes in the usual effects of the drug and 
can be offset by appropriate adjustment of 
dosage. These variables must be taken into 
account before a drug is prescribed, and a 
stated therapeutic dose of a drug must be 
viewed only as the anticipated dose for the 
average patient or that from which to esti- 
mate the dose for an individual patient In- 
deed, the optimal dosage for many drugs is 
determined for each patient only by careful 
monitoring of drug effect. It is for this reason 
that n is appropriate to state that the dose 
of a drug is "enough." The physician s leeal 
responsibility if he deviates from dosages 
recommended in official compendia or in the 
manufacturer's package insert has been sum- 
marized in a Council Conference (1969) 
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Factors That Modify Drug Effects and Dnuc Dosage 



The following are the more important fac- 
tors that influence the therapeutic dose of 
a drug. 

Body Weight. The ratio between the amount 
of drug administered and body weight influences 
the conccntra Lions of the drug at its sites of aciion. 
Therefore, drug dosage should be suitably adjusted, 
particularly for abnormally lean or obese indi- 
viduals. For adjustment of drug dosage over a 
wide range of body sizes, body surface area is often 
a more satisfactory index than is body weight. 

Age. Children are ofLcn more sensitive than 
adults to drug-induced changes in water and 
- electrolyte or acid-base metabolism. Special pre- 
caution must alio be taken in the use of hormones 
or other drugs that might influence growth and de- 
velopment. Very young infants, particularly prema- 
ture babies, may be abnormally sensitive to many 
drugs because of immaturity of renal function or of 
the enzymatic mechanisms for drug inaciivation, or 
because of incomplete development of the blood- 
brain barrier. The effects of drugs on the immature 
brain may also be somewhat unusual. 

Although drug dosage for older children may be 
calculated as a fraction of the adult dose on the 
basis of body weight or estimated body surface 
area, that for younger children, and especially for 
infants, should be learned as such and not calcu- 
lated by formula. Unfortunately, optimal doses for 
children have been established for relatively few 
drugs. 

Elderly individuals may respond to drugs in a 
somewhat abnormal manner, often because of im- 
paired ability to inactivate or excrete drugs, or 
because of other concurrent paihology. 

Sex. Women arc thought to be more susceptible 
than men to the effects of certain drugs, in part 
because of smaller size. In some instances, this 
difference is considered sufficient to necessitate re- 
duction in dosage. In addition, the subjective effects 
of drugs may be somewhat different in the two 
sexes. During pregnancy, caution is necessary in 
the administration of drugs that might affect the 
uterus or fetus. A wise precaution is to avoid the 
use of all drugs except those essential to maintain 
pregnancy. Activity of the hepatic microsomal en- 
zymes involved in drug biotransformation is only 
slightly influenced by sex. 

Routo or Administration, Inasmuch as rate and 
extent of absorption and sometimes pattern of 
biotransformation differ with the route of ad- 
ministration, dosage must be adjusted to take this 
factor into account. The intravenous dose of a drug 
is often smaller than the subcutaneous, and this, in 
turn, is usually smaller than the oral dose. 

Time of Administration. The time at which a 
drug i s administered sometimes influences dosage. 
This is especially true for oral therapy in relation 
to meals. Absorption proceeds more rapidly if the 
stomach and upper portion of the intestinal tract 
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arc free of food, and an amount of drug that is 
active before a meal may be ineffective if given 
after eating. On the other hand, irritating drugs 
are better tolerated if food is in the stomach. 
Diurnal and seasonal variations in the effects of 
drugs arc well recognized in animals and may also 
be important in man. 

Rate of Inaciivation and Excretion- If function 
of the organs concerned in inaciivation or excre- 
tion of a drug is impaired, both intensity and dura- 
lion of effect of a given dose of a drug may be 
greater than desired, and toxic effects may occur. 
Thus, it is of practical importance to know ihc 
mechanisms by which a drug is inactivated or 
eliminated, and to make appropriate adjustment in 
drug dosage for patients in whom these mechanisms 
arc impaired. 

Tolerance. Tolerance may be acquired to the 
effects of many drugs, especially the opioids, bar- 
biturates and other CNS depressants, nitrites, 
xanthines, and certain CNS stimulants. When this 
occurs, cross-toierance ma;' develop to the effects 
of pharmacologically related drugs, particularly 
those acting at rhe same receptor site, and drug 
dosage must be increased to maintain a given 
therapeutic effect. Since tolerance docs not usually 
develop equally to all effects of a drug, the thera- 
peutic index" -Often" accreascs. However, there arc 
also examples of the development of tolerance to 
the undcsired effects of a drug and a resultant in- 
crease in its therapeutic index. After tolerance de- 
velops, normal sensitivity may be regained only by 
suspending drug administration. For most drugs 
the development of tolerance can be minimized by 
initiating therapy wirh the lowest effective dose and 
by avoiding continuous administration of the drug 
at regular intervals. In contrast, the emergence of 
resistant microorganisms during chemotherapy is 
favored when only minimally effective dosage or 
intermittent medication is employed. 

The mechanisms involved in the development of 
to crance arc only partially understood. In animals, 
tolerance often occurs as the result of induced 
synthesis of the hepatic microsomal enzymes con- 
cerned in drug biotransformation; the possible sig- 
nificance of this drug-disposition tolerance during 
chronic medication in man is an area of active in- 
vestigation. The most important factor in the de- 
velopment of tolerance to the opioids, barbiturates 
and ethanol is some type of neuronal adaptation 
vaguely referred to as cellular or pharmacodynamic 
tolerance. Tachyphylaxis, such as that to histarninc- 
rc leasing agents and to the sympathomimetic amines 
that act indirectly by releasing norepinephrine, has 
been attributed to depletion of available mediator, 
but other mechanisms have also been proposed. 

Physiological Variables. Changes in water and 
electrolyte balance, acid-base status, body tempera- 
ture, and other physiological factors may also mod- 
ify the effects of drugs. Unfortunately, no simple 
summary of the effect of these variables is possible. 
Metabolic acidosis reduces the saluretic effects of 
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the carbonic anhydrase inhibitors but increases 
those of The organic mercurials. Similarly, hypo- 
thermia decreases blockade of neuromuscular trans- 
mission by Tubocurarinc but increases thai by 
Mjccinvlcholine. Likewise, the effects of drugs may 
be increased or decreased after denervation. 

The effects of drugs, just as those of disease, may 
be manifest as encroachment upon physiolopicol 
reserve rather than as an overt effect, and this 
factor must also be considered when drugs are pre- 
scribed. Ganglionic blocking agents and other drugs 
that impair compensatory sympathetic reflexes may 
have minimal effects upon the blood pressure of a 
recumbent individual, yet cause orthostatic collapse 
when he assumes an upright posture. This principle 
is important in establishing proper dosage of drugs 
in the therapy of hypertension and in selecting 
drugs for preanesthetic medication. Similarly, 
respiratory depression may be manifest primarily as 
respiratory acidosis with only minimal reduction 
of rate or depth of breathing or of alveolar venti- 
lation. Failure to appreciate this fact is often re- 
sponsible for underestimation of the depressant 
effects of drugs on respiration. 

Vnthological State. The effects of certain drugs 
are also considerably modified by pathological con- 
ditions. Patients With chronic pulmonary disease or 
increased intracranial pressure arc often unusually 
sensitive to morphine and other respiratory depres- 
sants. Conversely, the hypenhyroid individual can 
tolerate larger doses of morphine than can the 
normal person, but he is responsive to a dose of 
epinephrine that would scarcely affect a person 
with normal thyroidal function. Nutritional de- 
ficiencies may also modify the effects of drugs. 

Activity of the hepatic microsomal eu2ymts in- 
volved in drug metabolism may be reduced in 
certain types of hepatic disease. Unfortunately, re- 
duced microsomal activity is not consistently corre- 
lated with impaired hepatic function detected by 
the conventional functional tests. 

Milieu. Many drug efTects, particularly those on 
mood and behavior, and the subjective effects of 
drugs in general, are often susceptible to environ- 
mental factors or the "set" imparted at the time 
of drug administration. The CNS depressants may 
improve psychomotor performance under one set 
of experimental or clinical conditions yet impair 
such performance under other conditions. Similarly, 
the subjective effects associated with dummy medi- 
cation in controlled clinical trials vary widely, de- 
pending upon the effects of active medication being 
evaluated concurrently, the manner in which the 
subjective effects are elicited, and many other fac- 
tors. 

Genetic Factors. Genetic factors contribute to 
the normal variability of drug effects and arc re- 
sponsible for a number of striking quantitative and 
qualitative modification?; of pharmacological activ- 
ity. Many of these differences, such as the pro- 
longed apnea in some patients after administration 
of usual doses of succinylcholine (a neuromuscular 
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blocking agent) have been traced to genetic influ- 
ences on the concentrations of enzymes involved in 
drug biotransformation. Other variations in drug 
effect, such as the greater incidence of drug-in- 
duced hemolytic anemia in non-Caucasians than in 
Caucasians, also have been found to be related to 
genetically determined en2ymc patterns that modify 
the actions of drugs. 

The objectives of pharmacogenetics include not 
only identification of differences in drug effects that 
have a genetic basis bul also development of simple 
methods by which susceptible individuals can be 
recognized before the drug is administered. 

Drug Interaction. The effects of a drug may be 
modified by prior or concurrent administration of 
another drug, and improved therapy is sometimes 
possible by judicious use of concurrent medication. 
However, serious adverse effects may also result 
from drug interaction. Since a patient frequently 
receives five or more drugs during the course of an 
illness, The possibility of unplanned combination of 
drag effects must also be considered. Drug inter- 
actions may arise either from alteration of the ab- 
sorption, distribution, biotransformation, or excre- 
tion of one drug by the other, or from combination 
of their actions or effects. 

Multiple -drug therapy is justified if it provides 
greater efficacy than can be achieved with full 
doses of single drugs, greater margin of safety, or 
more satisfactory onset or duration of effect. Some- 
times a drug is administered in combination with 
another to antagonize an untoward effect. How- 
ever, it is usually more desirable to reduce the dose 
of the toxic drug or to change medication, rather 
than to resort to combined medication. Whatever 
the rationale for multiple-drug therapy, the effi- 
cacy and safety of the combined medication must 
be evaluated in the same manner as for single 
drugs. 

Drug Mixtures. A distinction must be made be- 
tween the concurrent, but separate, administration 
of drugs and their administration together as a 
fixed-dose mixture. Occasionally, as illustrated by 
the sulfonamide mixtures, the use of fixed -dose 
mixtures is justified. However, most mixtures of 
drugs have distinct disadvantages, and their use 
may involve frank risk. Careful adjustment of 
dosage is almost always required to attain the 
maximum benefits from combined medication with 
a minimum of untoward effects. In some cases, 
proper timing of drug administration may also be 
important. The flexibility of dosage arid timing es- 
sential for the success of combined medication is 
sacrificed if fixed -dose mixtures are used. In addi- 
tion, the use of mixtures often complicates thcTapy, 
since, if toxic effects occur, it may be impossible to 
identify the component responsible, and all medica- 
tion must then be discontinued. The use of mix- 
tures also fosters multiple-drug therapy without 
first establishing the need for more than one drug. 
When this occurs, needless expense is imposed upon 
the patient, and he is unnecessarily exposed to the 
risk of toxicity from the superfluous, components. 
Additionally, the indiscriminate use of drug mix- 
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tares fosters careless diagnosis and inappropriate 
therapy. 

Terminology- Descriptions of the combined ef- 
fects of drugs arc often ambiguous, because the 
terms addition, summation, synergism, and antago- 
nism are not employed consistently. The usage out- 
lined here is that of Locwc (1953). 

Two drugs are said to be heterergic for a par- 
ticular effect if the effect is manifested by one of the 
drugs but is absent from the spectrum of the other. 
If the combined effects of hctcrcrgic drugs are 
greater than those of the active component alone, 
they arc said to exhibit synergism; if the combined 
effects are less than ihose of the active component 
alone, the interaction is termed antagonism. Al- 
though often employed as a synonym for synergism, 
the term potentiation should be abandoned, since 
ii has erroneously acquired the connotation of 
clinical superiority. 

Hetcrergic synergism and antagonism often re- 
sult from alterations in the distribution, biotrans- 
formation, or excretion of the active component. 
Hclcrergic antagonism may also involve interaction 
of the two drugs at the same receptor. If the 
antagonist acts reversibly, competitive aniagonism 
results; if it acts irreversibly, the interaction is 
termed noneqttilihrium antagonism. Receptor an- 
tagonism is usually selective for a given agonist. K 
the two drugs form an inactive complex, the inter- 
action is termed chemical antagonism. 

The interaction of drugs that have overtly op- 
posite effects is termed physiological or function at 
antagonism; such antagonism is usually nonselec- 
tive and noncompetitive, 

If two drugs produce the same oven effect, they 
art termed homer $ic. Descriptions of the combined 
effects of such drugs are intended to indicate 
whether they are equal to, or greater or less than ; 
those expected by simple addition. However, two 
types of additive behavior can be distinguished. If 
the drugs are close congeners that act on the same 
receptors (e.g., epinephrine and norepinephrine), 
doses of one drug should substitute for those of 
the other, in proportion to their relative potency, 
over a wide range of combinations. Only drugs that 
exhibit this dose addition are properly described 
as additive. Deviations from dose addition are 
termed supra-udditive or infra-additivc; these lat- 
ter descriptions imply that the drugs act by dif- 
ferent mechanisms. If the combined effects of 
homergic drugs arc equal to the sum of their indi- 
vidual effects, they arc said to exhibit effect addi- 
tion Or summation. Deviations from summation arc 
usually described as such. Drugs that act by the 
same mechanism and are additive in all combina- 
tions will exhibit summation only in certain combi- 
nations. The terms synergism and antagonism arc 
best avoided for homergic drugs. Whatever terms 
happen to be used, most descriptions of the com- 
bined effects of drugs, particularly in the clinic, 
refer to effect addition rather than dose addition. 



Dosage Schedules for Chronic Medication. To 
maintain the desired effect withoui cumulative 



toxicity during chronic medication, a maintenance 
dose of the drug must be administered at dosage 
intervals that balance the rates of inactivation and 
excretion. To avoid excessive fluctuation of effect 
between doses when the drug is rapidly absorbed, 
maintenance doses must be administered at fre- 
quent intervals, perhaps one sixth or less of the 
half-time for inactivation and excretion of the drug. 
Alternatively, the drug may be administered by con- 
stant intravenous infusion or as a repository prep- 
aration that provides slow, continuous absorption 
over an extended interval. If medication is initiated 
on a dosage schedule subsequently suitable for 
maintenance of effect, attainment of the desired 
effect is necessarily delayed. However, the effect 
may be achieved more promptly by administration 
of one or more priming doses somewhat larger 
iban the subsequent maintenance doses. Chronic 
medication is often complicated by the develop- 
ment of drug tolerance and by the fact that 
medication is frequently interrupted during the 
hours of sleep. In addition, patients oficn fail to 
take medication as consistently and as regularly 
as directed. 

DRUG TOXICITY 

No drug is free of toxic effects. They may 
be trivial, but on occasion they are serious 
and may be fatal. Some appear promptly, 
but others may not develop until after pro- 
longed medication. Still others occur only in 
certain patients or only in combination with 
other drugs. Some toxic effects of certain 
drugs, such as hemorrhage during anticoag- 
ulant medication, are an extension of the 
desired effects and can be avoided by proper 
adjustment of dosage. On the other hand, 
the desired and undesired effects of a drug 
may be different manifestations of the same 
primary action and thus be inseparable. In 
many instances, an effect of a drug that is 
sought in one patient becomes an undesired 
effect in another when the drug is employed 
for a different purpose. The incidence of 
untoward effects of drugs varies greatly and 
unfortunately cannot always be anticipated 
from animal studies. 

Clinicians have long been aware of the 
drug-induced diseases. However, with the 
introduction into therapeutic practice of 
drugs of greater and broader efficacy, the 
problem of drug toxicity has increased, and 
it is now considered the most critical aspect 
of modern therapeutics. Not only is a greater 
variety of serious toxicity being uncovered, 
but also the average incidence of adverse 
effects of medication is increasing and unex- 
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pected toxic effects arc occurring relatively 
frequently. There is an urgent need for the 
development of methods in animals that ac- 
curately predict the potential harmful effects 
of drugs in man. There is also need for better 
procedures for prompt collection, assessment, 
and dissemination of reports of clinical tox- 
icity. However, adverse effects do not arise 
solely because of the inherent toxicity of 
drugs and the limitations of the methods for 
early detection of this toxicity. Many of the 
adverse effects could be avoided if drugs were 
used more carefully and more wisely. The 
physician should avoid a toxic drug if a less 
toxic one will suffice; and he should, if pos- 
sible, avoid the use of concurrent medication 
and especially the use of drug mixtures, since 
one drug may affect the toxicity of another. 
Moreover, he must be aware of the potential 
hazards of the drugs that he uses, and he 
must be prepared to act promptly if toxicity 
occurs. He must be especially alert for the 
unexpected. 

A brief consideration of several of the 
more serious drug-induced diseases will in- 
troduce the reader to this important aspect 
of pharmacology. 

Drug Allergy (Hypersensitivity). Al- 
though the incidence of allergic reactions to 
most drugs is low, the list of known offenders 
is growing steadily, and drug allergy repre- 
sents a major problem in the use of some 
drugs. In addition, there is an urgent need 
for "reliable, safe methods for detecting sus- 
ceptible individuals before drug administra- 
tion. The development of such tests is com- 
plicated by the fact that metabolites of a 
drug, perhaps even minor metabolites that 
are not detected in usual biotransformation 
studies, as well as the drug itself and even 
trace impurities may serve as haptens. 

Drug allergy may take many forms, in- 
cluding the full spectrum of immediate and 
delayed types of allergic reactions produced 
by foreign macromolecules. Skin reactions 
extend from mild rash to severe exfoliative 
dermatitis. Those of blood vessels range from 
acute urticaria and angioedema to severe 
arteritis with localized medial degeneration. 
Drug fever is an allergic phenomenon that 
very closely resembles serum sickness; it is 
manifested by fever, leukocytosis, arthralgia, 



and dermatitides. Rhinitis, asthma, and even 
anaphylactic shock are other familiar allergic 
responses that can be precipitated by drugs. 

Hepatocellular damage, cholestatic jaun- 
dice, renal tubular necrosis, depression of 
hematopoietic functions, photosensitivity, 
and a number of additional adverse effects 
of drugs may also be manifestations of drug 
allergy. 

Blood Dyscrasias. Leukopenia, granulo- 
cytopenia, aplastic anemia, hemolytic anemia, 
thrombocytopenia, and, in some cases, de- 
fects in the clotting factors are serious, some- 
times fatal, complications of drug therapy. 
Although drug allergy is responsible for 
many of the cytopenias. certain of the blood 
dyscrasias arc believed to result from a direct 
toxic effect of drags on bone marrow. The 
most common basis for drug-induced he- 
molytic anemia is a genetically determined 
deficiency in red-cell glucose-6-phosphatc de- 
hydrogenase activity. 

llcpatotoxicity and Nephrotoxicity, Be- 
cause drugs are concentrated in the liver and 
kidney, damage to these organs by a direct 
toxic effect of drugs is not uncommon. 
Hepatotoxicity and nephrotoxicity may also 
occur as forms of drug allergy. Well-recog- 
nized adverse effects on the liver include 
hepatocellular toxicity, the potentially fatal 
viral hepatitis-like syndrome produced by the 
halogenated hydrocarbons and other drugs, 
and intrahepatic cholestasis, a type of hepato- 
toxicity that resembles obstructive jaun- 
dice and is produced by the phenothiazines, 
certain steroids, and a number of other 
agents. In addition, a variety of drugs pre- 
cipitate hepatic coma in patients with liver 
disease. Glomerular-tubular damage is an 
important toxic effect of a number of drugs, 
including several antibiotics, and intrarenal 
precipitation of the less soluble sulfonamides 
is the major cause of the nephrotoxicity of 
these agents. 

Teratogenic Effects. Although the tha- 
lidomide tragedy dramatically emphasized 
that drugs may adversely influence fetal de- 
velopment, there is still little reliable clinical 
information about the possible teratogenic 
hazard of most drugs. For this reason, all un- 
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necessary medication should be avoided dur- 
ing pregnancy. Moreover, since pregnancy is 
often not diagnosed at the time of greatest 
vulnerability of the fetus, all drugs not known 
to be reasonably safe on the basis of long 
usage should be avoided by women of child- 
bearing age. 

Behavioral Toxicity. This term refers to 
suppression of normal anxiety, reduction in 
motivation, impairment of memory and 
learning, distortion of judgment, nonpur- 
posivc or inappropriate behavior, and other 
adverse effects of drugs on mood, behavior, 
and psychological and psychometric func- 
tioning. Motor incoordination and impair- 
ment of ability to operate machinery or to 
drive a motor vehicle may also be considered 
a form of behavioral toxicity. The term has 
gained widest use in connection with psycho- 
pharmacological agents, but it applies to 
other drugs as well. 

Drug Dependence and Drug Addiction. 
Any drug that alters mood or behavior is 
likely to be abused and is potentially capable 
of producing drug dependence upon repeated 
administration. The drugs that are commonly 
abused include the opioids; the barbiturates, 
other sedative-hypnotics, and ethanol; as 
well as the amphetamines, cocaine, and vari- 
ous other psychopharmacological agents. The 
characteristics of drug dependence vary 
with the agent involved. However, one 
characteristic common to all types of drug 
dependence is psycliic dependence, a drive 
or craving that requires periodic or chronic 
administration of the drug for pleasure or 
for relief of discomfort. Another feature of 
some types of drug dependence is physical 
dependence, a state characterized by the ap- 
pearance of physical symptoms when admin- 
istration of the drug is supended. These 
symptoms are termed the withdrawal or ab- 
stinence syndrome. Tolerance is a charac- 
teristic of only certain types of drug depend- 
ence. 

The term drug dependence was coined 
specifically to permit consideration of the 
pharmacological and medical aspects of drug 
abuse in isolation from the broader socioeco- 
nomic, moral, and legal aspects of the prob- 
lem that arc embraced by the term drug 



addiction. Unfortunately, the two terms con- 
tinue to be used interchangeably. Abuse of 
drugs that adversely influence mood and be- 
havior is a problem of increasing medical 
and social importance. The subject is con- 
sidered in detail in Chapter 16. 

Drug Poisoning. Accidental poisoning is 
a health problem of major significance. Sev- 
eral thousand deaths from chemical poison- 
ing occur annually in the United States, and 
it is estimated that the number of nonfatal 
poisonings exceeds 1 million a year. More 
than one fourth of these fatalities and about 
one half of all poisonings occur in children 
under 5 years of age. The tragedy of this 
high incidence of poisonings in childhood is 
that most of them could be avoided. 

The physician should assume an active 
role in prevention of poisoning. Parents can- 
not be too strongly urged to keep drugs out 
of reach of children, preferably in a "locked" 
cabinet, and to teach them that mcdicinals 
are not candy. The many common house- 
hold articles that are poisonous should be 
made unavailable to children, and poisonous 
pesticides and herbicides should not be 
placed in the home, Indoctrination against 
accidental poisoning must also be directed to 
adults. They should be urged to read and 
heed labels on medicines, and they should 
be encouraged to discard residual prescrip- 
tion drugs that are no longer needed. Acci- 
dental poisoning among adults is not uncom- 
mon and usually results either from attempts 
at self-medication or from mistaking one 
drug for another. 

The number and variety of drugs and 
chemicals that might be encountered in poi- 
sonings arc enormous. However, the physi- 
cian should become familiar with the details 
of treatment for the more commonly en- 
countered household poisons. He should also 
be prepared to treat intoxication caused by 
agents frequently used for suicidal purposes, 
such as the barbiturates, other CNS depres- 
sants, and carbon monoxide, and to detect 
and treat those types of industrial intoxica- 
tions that might occur in his community. 
Additionally, he should take advantage of 
the services and information available to 
him through his regional Poison Control 
Center. 
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Diagnosis of Drug' Poisoning. The diagnosis of 
poisoning may be difficult, since there is scarcely 
a syndrome produced by a toxic agent that cannot 
simulate disease. However, there arc a number of 
helpful signs and symptoms that assist in the detec- 
tion of acute poisoning, particularly if this possibil- 
ity is included in the differential diagnosis. In 
This connection, contaminated foods are often the 
etiological agent. The onset of symptoms is usually 
sudden and follows the taking of food, drink, or 
medicine by an individual who has been previously 
well. In some cases, several individuals may suffer 
from similar symptoms after partaking of the same 
food. In addition, many dru^s leave a telltale odor 
produce irritation of the mucous membranes of the 
mouth and throat, or cause typical pharmacological 
effects. As a final check, there arc often simple 
chemical tests that can be performed to confirm the 
diagnosis. 

The diagnosis of chronic poisoning is often 
more difficult. At times, the symptoms and si|tns 
are not sufficiently characteristic to point to the 
toxic agent, and laboratory procedures may be 
essential. In many cases, only painstaking probing 
of the patient's history, habits, daily activities, and 
working conditions leads to the diagnosis. The more 
uncommon types of industrial poisoning may go 
undiagnosed until irreparable injury has been suf- 
fered by the patient. 

Treatment oj Drug Poisoning. Most emergency 
therapy of drug poisoning is symptomatic, since 
success often depends upon celerity, and valuable 
time cannot be wasted in attempts at a positive 
identification of the specific cause of the patient's 
illness. Hou/cvcr, therapy is facilitated if the re- 
sponsible agent and the degree of exposure or the 
amount ingested can be determined. The usual 
steps taken are (1) supportive or symptomatic 
therapy, (2) termination of exposure and removal 
of the poison from the body, and (3) administra- 
tion of an Li dotes. 

V Adequate supportive therapy is the most impor- 
tant aspect of the treatment of drug poisoning 
Serial measurement and charting of the vital signs 
and important reflexes are helpful procedures by 
which to judge the progress of the intoxication' 
the response to therapy, and the need for addi- 
tional treatment. The patient should be kept In 
bed and warm, under competent surveillance, and 
particular attention should be paid to the respira- 
tion, circulation, hepatic and renal function, and 
actd-base and ftuid-and-electrolyte balance This 
usually necessitates hospitalization. 

Poisons that have been applied externally are 
best removed by copious washing with water, or 
v.'itn a suitable organic solvent if the poison is not 
water soluble. Induced vomiting, gastric lavage, 
and oral administration of activated charcoal may 
be employed to reduce further absorption of an 
mgested poison. The relative merits of these pro- 
cedures have been reviewed by Gosselin and Smith 
(U66). Vomiting and gasrric lavage are contra- 
indicated >o the treatment of poisoning by corrosive 
agents, strychnine, other convulsants, kerosene, or 
other hydrocarbon solvents. 
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Much emphasis has been placed on the use of 
emetics, since vomiting may be as productive as 
gastric lavage and can be instituted more promptly. 
However, such drugs are contraindicated in the 
unconscious patient, and they may not be effective 
if the patient has ingested a CNS depressant. Ipecac 
syrup is orally effective, but vomiting may not occur 
for 20 to 30 minutes. It is not dependable if the 
patient has previously received activated charcoal. 
Apomorphinc acts more promptly and certainly^ 
but it must be administered parcnterally. ft may 
also cause protracted cmesis an d CNS depression. 
Powdered mustard, administered orally as a sus^ 
pension in warm water, is a household article that 
can be administered in an emergency. Mechanical 
stimulation of the oropharynx is unreliable and 
relatively ineffective. 

Gastric lavage, when performed by a trained 
person, is an effective method for evacuation of 
the stomach. However, the procedure is time con- 
suming and may not be reliable if the poison is 
insoluble. Care muse be taken to prevent aspiration 
of gastric contents or lavage fluid into the lungs. 
After the stomach has been thoroughly emptied, a 
saline cathartic is sometimes administered through 
the stomach tube to diminish further intestinal ab- 
sorption of the poison. 

Activated charcoal, administered orally as a fine 
powder suspended in water, adsorbs a wide variety 
of chemicals (but not cyanide) and is an effective 
procedure for retarding absorption of ingested 
poisons. Since the combination of drug and char- 
coal is usually reversible, the gastric contents 
should be removed by lavage or by apomorphine- 
jnduced vomiting. The so-called universal antidote 
a mixture of activated charcoal, magnesium oxide 
and tannic acid, should be abandoned, since it h 
less effective than activated charcoal alone. House- 
hold articles that arc somewhat useful for dilu- 
tion or adsorption of poisons are milk, beaten egg 
white, flour and starch. Burnt toast is ineffec- 
tive. 

In some instances, the renal excretion of a drug 
can be increased by administration of an osmotic 
diuretic and by appropriate acidification or alkalini- 
zauon of the urine. Volatile substances that are 
excreted by the lungs can often be more rapidly 
eliminated by stimulating respiration, and the inha- 
lation of carbon dioxide is sometimes employed for 
this purpose. In cases of severe drug intoxication, 
elimination of the drug by peritoneal dialysis or by 
use of the artificial kidney is a highly effective pro- 
cedure. r 

Antidotes serve only a limited role in the treat- 
ment of drug poisoning, even when the poison has 
been identified, because there arc safe, effective, 
selective antagonists for relatively few drugs Those 
that are available for individual poisons and drugs 
are discussed throughout the text. Outstanding 
examples arc the use of chelating agents in metal 
poisoning, nitrites and thiosulfate in cyanide in- 
toxication, methylene blue in methemoglobinemia 
and atropine and reactivators of acetylcholines- 
terasc in poisoning by insecticides and other drugs 
that inhibit the enzyme. 
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DEVELOPMENT, EVALUATION, 
AND CONTROL OF DRUGS 

The average practitioner is not usually di- 
rectly concerned in the evaluation of drugs. 
Nevertheless, he must know something about 
the development and evaluation of thera- 
peutic agents, since this knowledge has an 
important bearing on his attitude toward new 
drugs and their use. The physician must also 
be familiar with the laws thai regulate the 
use of medicinals. 

Sources and Discovery of New Drugs. 

The earliest medicinals were crude powders, 
juices, or extracts from animal, plant, and 
mineral sources, and these continued to be 
the only drugs until early in the nineteenth 
century. However, once advances in chemis- 
try permitted the isolation, purification, and 
identification of the active constituents of 
these substances, it was just a step to struc- 
tural modifications of existing drugs, the 
synthesis of new ones, and the beginning of 
the modern age of pharmacotherapy. 

New therapeutic agents are discovered by 
screening, structural modification of estab- 
lished drugs, or accident. Screening refers to 
the testing of random compounds for selected 
types of pharmacological activity. The test- 
ing of thousands of soil samples for antibiotic 
activity is an example of this time-consum- 
ing, somewhat unsophisticated, relatively 
inefficient approach. However, it has the im- 
portant advantage that it can uncover valu- 
able new chemical classes of drugs. 

Structural modifications of an established 
drug often yield congeners that differ only 
insignificantly from the parent and are aptly 
termed "me-W drugs, the marketing of 
which is hard to justify. However, as dis- 
cussed in the section on structure-activity 
relationship above, such alterations do often 
yield a congener with pharmacological prop- 
erties significantly different from those of the 
parent compound. For example, the first 
three sulfonamides introduced as chemo- 
therapeutic agents, a milestone in the history 
of drug therapy, are now obsolete. Another 
particularly fruitful approach has been the 
structural modification of endogenous mole- 
cules involved in cellular metabolism. This 
has led to the discovery of useful antimetab- 
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olites. Rapid advances in the elucidation of 
basic cellular function make it likely that 
more and more drugs of this type will be de- 
veloped in the future. 

Many significant advances in therapy in 
the past have resulted from fortuitous dis- 
covery of new drugs or new uses of estab- 
lished therapeutic agents by alert observation 
an the laboratory or clinic. Well-known ex- 
amples of this approach are the discovery of 
penicillin by Fleming and the recognition of 
the diuretic activity of organic mercurials 
employed in the treatment of syphilis. Un- 
„ desired. effecLs.of. older agents have also been 
exploited in the development of new drugs, 
as illustrated by the evolution of the car- 
bonic anhydrase inhibitors, the antihyper- 
tensive thiazides, and the oral hypoglycemics 
from the antibacterial sulfonamides. 

Development and Evaluation of New 
Drugs. The development and evaluation of 
new drugs in the United States is rigidly con- 
trolled by federal regulations administered by 
the Food and Drug Administration (see 
below). A new drug may not be marketed 
for general clinical use until it has been sub- 
jected to thorough clinical pharmacological 
studies, and until "substantial evidence" of 
its efficacy and safety has been obtained from 
adequate, well-controlled clinical trials con- 
ducted by qualified investigators. 

Before initial studies in man are permitted, 
the full pharmacological spectrum of a new 
drug must be thoroughly and extensively ex- 
plored in animals, and both acute and 
chronic toxicity tests must be conducted on 
several species. Because of species variations, 
such studies are considered useful merely as 
evidence that the drug has sufficient promise 
and is sufficiently safe to warrant testing in 
man. Even the most extensive studies in ani- 
mals cannot substitute for successful clinical 
trials as evidence of clinical efficacy. The 
initial clinical trials of a new drug are neces- 
sarily cautious experiments, on volunteer 
normal subjects as well as patients, aimed 
primarily at establishing that the drug merits 
further study. If the initial trials in patients 
provide promise of clinical efficacy, the 
drug is subjected to thorough clinical \har- 
macological studies, and documentation of 
its efficacy and safety is sought in controlled 
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clinical trials. Only under exceptional cir- 
cumstances may a new drug be administered 
to an individual without his informed con- 
sent. 

What constitutes an adequately controlled 
clinical trial necessarily varies, depending 
upon the drug effect being evaluated. The 
more important general requirements for all 
trials are an appropriate and sensitive 
method of evaluation, an adequate number 
of subjects, lack of bias, concurrent com- 
parison or the new drug with a reference 
drug over a range of doses, and appropriate 
statistical validation. Many clinical trials 
must be conducted under so-called blind 
conditions. In a blind experiment, the nature 
of the medication is concealed from the pa- 
tient (single-blind) or from both the patient 
and all persons associated with conduct and 
evaluation of the trial (double-blind). Blind 
conditions are particularly essential for trials 
in which subjective effects of medication arc 
being studied; they may also be necessary 
in evaluation of certain objective drug ef- 
fects, if these are under voluntary control 
or otherwise easily biased. In addition to 
being compared with a reference drug, a 
new compound is often compared with incrL 
dummy medication, to serve as a control for 
placebo efjectSy namely, those that arc tem- 
porally correlated with administration of a 
drug but cannot be attributed to its pharma- 
cological properties. Placebo effects result in 
part from the significance of the therapeutic 
effort to the patient and the set imparted at 
the time of drug administration. However, 
other coincident effects, such as spontaneous 
remission of symptoms, also contribute to the 
value of a placebo control. 

In certain limited circumstances, a pla- 
cebo may be administered in the course of 
regular therapeutic practice. If an inert lac- 
tose capsule or an injection of saline solu- 
tion is employed for this purpose, it is termed 
a pure placebo. Tf a subeffective dose of a 
vitamin or other active drug is used, it is 
termed an impure placebo, since the result- 
ing placebo effect may be erroneously attrib- 
uted to pharmacological properties of the 
drug. The administration of a placebo in 
clinical practice is not a reliable procedure 
by which to distinguish between "psycho- 



genic" and "somatic" disorders on the basis 
of whether relief of symptoms is obtained. 

Because the capacity of existing facilities 
for conducting controlled clinical trials is 
limited, and for other practical reasons, con- 
trolled trials cannot possibly be conducted 
on all types of patients or under all varieties 
of clinical conditions. Consequently, evalua- 
tion of the efficacy of a drug may continue 
well inro the period of its general clinical use. 
More important, since ding toxicity may 
occur only in a limited portion of the popu- 
lation, only after long chronic use, or only in 
combination with other variables, accurate 
assessment of the toxic potential of a new 
drug may not be possible until it has been in 
general use for several years. 

Drug Regulations. There arc a number 
of regulations and compendia concerned 
with the testing, labeling, purity, and quality 
of foods, drugs, and cosmetics. Such regula- 
tions are designed for the protection of the 
public health. The following regulations 
apply to the United States; other countries 
have similar codes. 

Food and Drug Administration. The 
Federal Food, Drug, and Cosmetic Act of 
1938 assures the quality and purity of drugs, 
by requiring accurate labeling of all rne- 
dicinals. The initial law, the Federal Pure 
Food and Drugs Act, was passed by Congress 
in 1906, as a result of the excessive adultera- 
tion and misbrandings of foods and drugs 
existing at that time. The subsequent modifi- 
cations of the act- — in 1938 and 1962 — were, 
unfortunately, a result of tragedies brought 
about by inadequate testing of new drugs or 
vehicles for drugs. Enforcement of the law 
is entrusted to the Food and Drug Admini- 
stration (FDA) of the Department of 
Health, Education, and Welfare, Regula- 
tions resulting from the Drug Amendments 
Act of 1962 are concerned with establishing 
the efficacy as well as the safety of new 
drugs. In addition, they place responsibility 
with the FDA for continuing evaluation of 
the toxicity of drugs already in general use. 
Drugs found to be too dangerous in propor- 
tion to their therapeutic worth can be re- 
moved from the market. Another provision 
of the Drug Amendments Act was a retro- 
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spectivc evaluation of the efficacy of all 
drugs introduced from J 938 to 1962. This 
important and difficult review process was 
undertaken for the FDA by panels of ex- 
perts organized by the Drug Research Board 
of the National Academy of Sciences-Na- 
tional Research Council. 

Because of severe abuses of barbiturates, 
psychopharmacological agents, and other 
centrally acting drugs, the Comprehensive 
Drug Abuse Prevention and Control Act was 
passed in 1970. This gives the Bureau of 
Narcotics and Dangerous Drugs, Depart- 
ment of Justice, special powers to regulate 
the distribution of drugs liable to be abused. 

Decisions as to whether drugs may be 
sold "over the counter" or dispensed only on 
prescription and the refilling of prescriptions 
are regulated by the FDA under the pro- 
visions incorporated in the Durham-Hum- 
phrey Amendment of 1952 (see Appendix). 
The FDA establishes special standards for 
insulin, antibiotics, and germicides and is 
responsible for certification of their safety 
and efficacy. The safety of food additives and 
the purity and quality of foods and cosmetics 
are also under the jurisdiction of the FDA. 
The purity and the efficacy of veterinary 
preparations are controlled as rigidly as are 
human medicinals. 

The United Slates Pharmacopeia (U.S.P.) 
and The National Formulary (N.F.). The 
Federal Pure Food and Drugs Act of 1906 
recognized the U.S.P. and the N.F. as "offi- 
cial compendia," thereby giving official status 
to the drugs and the standards set forth in 
these volumes. The approved therapeutic 
agents used in medical practice are de- 
scribed and defined with respect to source, 
chemistry, physical properties, tests for 
identity, tests for purity, assay, method of 
storage, and average therapeutic dosage. 
They were initially written as guides to the 
physician in his choice of drugs. However, 
because they serve as official standards for the 
quality and purity of drugs, these compendia 
are now of more use to the pharmaceutical 
mdustry and the FDA than to physicians. 
Nevertheless, the prescribing of official drugs 
listed in either the U.S.P. or N.F. provides 
assurance to the physician that the patient 
will receive exactly what has been prescribed 
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with respect to quality and chemical uni- 
formity. However, no tests of biological 
equivalence of official drugs are required, 
but they are under serious consideration. 
Other nations have similar compendia; there 
is also a Pharmacopoea Iniernationalis (spon- 
sored by WHO), as well as a European 
Pharmacopoeia (1st ed., 1970), 

U.S.P. Most of ihc preparations in the U.S.P. 
are single drugs. ] n ihc case of those that must be 
compounded, instructions arc given for their prep- 
aration. The U.S.P. organization also provides 
referenu: standards for the assaying and testing 
of many of the U.S.P. drugs, 

The first Pharmacopeia in the United Slates was 
published in 1820. and since that time numer- 
ous revisions have appeared. The current edition, 
U.S.P. XVllI, became official in 1970. The i'harnm- 
copeia is revised at five-year intervals. The U.S. P. 
is revised by a Special Pharmacopeia! Commiuce,' ~ 
the members of which donate their services in 
ihc interest of ihc important function they serve. 
The commiuce consists of outstanding pharma- 
cologists, physicians, and pharmacists. 

N.F. This compendium was first published in 
1888 under the name National formulary of Un- 
official Preparations. After acceptance as an official 
drug standard in 1906. the name was changed to 
its present title. The current edition is N.F. XIII. 
published in 1970. 

The N.F. formerly contained drugs on the basis 
of demand as well as of therapeutic value, but be- 
ginning with N.F. XI f therapeutic value was 
adopted as the sole criterion for the admission of 
drugs. Many drugs that hav C been deleted from 
the U.S.P. appear in the N.F. Unlike the U.S.P., 
it also contains formulas of certain drug mixtures! 
Tlic N.F. is published by xhe American Pharma- 
ceutical Association. It is prepared by a commiuce 
and advisory panels consisting mainly of outstand- 
ing pharmaceutical scientists and physicians. 

Other Regulative Laws. The laws em- 
bodied in the Harrison Narcotic Act and the 
Federal Marihuana Regulations are super- 
seded by the Comprehensive Drug Abuse 
Prevention and Control Act of 1970 and arc 
enforced by the Bureau of Narcotics and 
Dangerous Drugs, U.S. Department of Jus- 
tice; this act also includes other drugs subject 
to abuse. The law controls the distribution 
of opium, coca, cannabis, and any of their 
natural or synthetic derivatives, barbiturates, 
amphetamines, LSD, etc. {see Appendix)! 
In addition, state and city laws exist to regu- 
late the sale of narcotics, barbiturates, and 
similar drugs. 
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GUIDE TO THE "THERAPEUTIC 
JUNGLE" 

The flood of new drugs in recent years 
has provided many dramatic improvements 
in therapy, but it has also created a number 
of problems of equal magnitude. Not the 
least of these is that of the "therapeutic 
jungle," the term used to refer to the com- 
bination of the overwhelming number of 
drugs, the confusion over nomenclature, and 
the associated uncertainty of the status of 
many of these drugs. A reduction in the 
marketing of close congeners and drug mix- 
tures and an improvement in the quality of 
advertising are important ingredients in the 
remedy for the (l therapcutic jungle." How- 
ever, the physician can also contribute to the 
remedy by adopting a "way of thinking about 
drugs" based upon general pharmacological 
principles, by employing nonproprietary 
rather than proprietary names whenever pos- 
sible, by using prototypes both as an in- 
structional device and in clinical practice, by 
adopting a properly critical attitude toward 
new drugs, and by knowing and making use 
of reliable sources of information. 

Drug Nomenclature. The existence of 
many names for each drug, even when re- 
duced to a minimum, has led to a lamentable 
and confusing situation in drug nomencla- 
ture. In addition to its formal chemical 
name, a new drug is usually assigned a code 
name by the pharmaceutical manufacturer. 
If the drug appears promising, and the manu- 
facturer wishes to place it on the market, a 
United Smies Adopted Name (USAN) is 
selected by the USAN Council, which is 
jointly sponsored by the American Medical 
Association, the American Pharmaceutical 
Association, and the United States Pharrna- 
copcial Convention, Inc. {see Appendix). 
This nonproprietary name is often referred 
to as the generic name, but this latter term 
is properly reserved to designate a chemical 
or pharmacological class of drugs, such as 
sulfonamides or sympathomimetics. If the 
drug is eventually admitted to the U.S.P. or 
N.F., the USAN becomes the official name. 
However, the nonproprietary name and the 
official name of an older drug may differ. 
There is increasing worldwide adoption of 



the same name for each therapeutic sub- 
stance. For newer drugs, the USAN is usu- 
ally adopted for the nonproprietary name in 
other countries, but this is not true for older 
drugs. International agreement on the USAN 
name is mediated through the World Health 
Organization and the pertinent health agen- 
cies of the cooperating countries. Subse- 
quently, the drug will also be assigned a 
proprietary name or trademark by the 
manufacturer. If the drug is marketed by 
more than one company, it may have several 
proprietary names. If mixtures of the drug 
with other agents are marketed, each such 
mixture may also have a separate proprietary 
name. 

To minimize confusion, the nonproprie- 
tary or official name of a drug should be 
used whenever possible, and this practice is 
adopted in this textbook. The question arises, 
however, whether the nonproprietary name 
or a proprietary name should be used by the 
physician when prescribing drugs. The use 
of the nonproprietary name is clearly less 
confusing when the drug is available under 
multiple proprietary names. However, an im- 
portant problem concerns the distinction be- 
tween chemical, biological, and clinical 
equivalence of drugs. Chemical equivalents 
are identical dosage forms that contain 
identical amounts of the same chemical sub- 
stance and meet the physicochemical 
standards in the official compendia. Bio- 
logical equivalents are those chemical equiva- 
lants that, when administered in the same 
amounts, provide the same biological or 
physiological availability, as measured by 
plasma or tissue levels. Clinical equivalents 
are those chemical equivalents that, when 
administered in the same amounts, provide 
the same therapeutic effects, as measured by 
the control of a symptom or a disease. The 
clinical equivalence of commercial products 
has been the center of heated contra versy. 

The main question has been whether drugs 
that are chemical equivalents are, in fact, 
clinical equivalents. This is important, since 
drugs marketed by different companies under 
the nonproprietary name may differ markedly 
in cost from the same drug marketed under 
the proprietary name. Since clinical equiva- 
lence of drugs is difficult to quantify because 
of marked individual differences and of vari- 
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ations in the symptoms or disease being 
studied in man, attention has been directed 
to assessment of the biological equivalence 
of drugs. This is based on the sound premise 
that equal tissue or plasma levels of two dif- 
ferent preparations of the same drug will 
give the same therapeutic effect. Tests of 
biological equivalence of preparations from 
various companies have demonstrated thai 
differences do occur with drugs that are ad- 
ministered orally in solid dosage forms, such 
as tablets and capsules. These differences are 
due to variations in formulation factors, such 
as particle size, crystal form, adjuvants, fill- 
ers, binders, and pressures used to compress 
tablets, all of which affect the dissolution 
rate, an important factor in oral absorption 
of drugs. Even preparations of . the same 
drug with dissolution rates within official 
standards may not be biological equivalents. 
Unfortunately, since the majority of me- 
dicinals have not been evaluated for biologi- 
cal equivalence, the magnitude of the prob- 
lem cannot be stated. However, it would be 
expected to be much less important for 
highly soluble drugs and even for poorly 
soluble drugs that are formulated under 
well-controlied conditions and that meet 
rigid standards. Until biological and clinical 
equivalence of medicinals can be assured, 
the physician is well advised to prescribe 
only preparations of high quality. // is, there- 
fore, recommended that drugs be prescribed 
by nonproprietary name in all cases. How- 
ever, when a particular dosage form or spe- 
cial formulation of a drug is desired, and 
especially when accurate control of dosage 
is critical, the prescription order should then 
include, in addition to the nonproprietary 
name, the name of the manufacturer of the 
preparation desired (see Appendix). 

Use of Prototypes. For teaching pur- 
poses, as illustrated in this textbook, the 
confusion created by the welter of similar 
drugs is reduced by restricting major atten- 
tion to prototypes in each pharmacological 
class. Focusing on the representative drugs 
results in better characterization of a class 
as a whole, and thereby permits sharper 
recognition of the occasional member that 
possesses unique properties, A teaching 
prototype is often the agent of choice, but 



this is not always true. A particular drug may 
be retained as the prototype, even though a 
new congener is clinically superior, cither be- 
cause more is known about the older drug 
or because it is more illustrative for the en- 
tire class of agents. 

The clinician will also find the prototype 
device helpful in his struggle with the surfeit 
of congeneric drugs, since his needs for 
therapeutic agents can usually be adequately 
satisfied by one or two drugs in each class. 
Which of a number of more-or-less equiva- 
lent drugs the physician actually chooses as 
his prototypes may be determined by dif- 
ferences in their duration of action or other 
secondary characteristics. The important con- 
sideration is that he restrict his attention to a 
limited number of drugs in each class and 
that he become thoroughly familiar with 
their individual characteristics. If be does, he 
will inevitably use these agents more effec- 
tively than he would if he were to change 
repeatedly among a larger number of drugs. 
Moreover, the greater experience with a few 
drugs will provide a better base line of per- 
sonal experience by which he may judge the 
claims for newer medicinals. 



Attitude toward New Drugs. A reason- 
able attitude toward new drugs is summa- 
rized by the adage that advises the physician 
to be "neither the first to use a new drug nor 
the last to discard the old." This advice is 
intended as a reminder that only a minor 
fraction of the new drugs released each year 
represents significant therapeutic advance, 
and that the efficacy and safety of a new 
drug, particularly relative to older agents, 
may not be fully assessed until sometime 
after it has been in general clinical use. It 
also stresses the physician's obligation to 
keep abreast of significant advances in phar- 
macotherapy. However, appropriate, timely 
change from the old drug to the new is pos- 
sible only if the physician has access to 
prompt, unbiased, critical information about 
new drugs. 

Information about Drugs. Pharmacology 
textbooks usually provide basic pharmaco- 
logical principles, critical appraisal of the 
therapeutically useful classes of drugs, and 
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detailed descriptions of the prototypes that 
serve as standards of reference for assessing 
new drugs. However, for obvious reasons, 
these textbooks cannot include information 
on the most recently introduced drugs, nor 
can they provide detailed descriptions of 
many of the older drugs. Remington's Phar- 
maceutical Sciences, the United States Dh- 
pensatory and Physicians' Pharmacology the 
American Hospital Formulary Service 'and 
various drug encyclopedias are sources of 
information about drugs; historical accounts 
of older drugs arc found in the older editions 
The Physicians' Desk Reference (PDR) j* 
a convenient source of information about 
available products, dosage forms, contraindi- 
cations, untoward reactions, and allowable 
therapeutic claims, but it is not useful as a 
critical guide to therapy or as a source of 
pharmacological effects of drugs. Legally, all 
information on drugs described in PDR must 
conform to the descriptive material in the 
package insert. The information, in turn, 
must meet the approval of the FDA. The 
American Drug Index is also a useful cross- 
indexed source of drug products and dosage 
forms, listed by both nonproperictary and 
proprietary names. 

Somewhat more current information about 
drugs is provided by A MA Drug Evaluations 
(ADE), a publication of the Council on 
Drugs of the American Medical Association. 
The Council previously published several 
annual indices of drugs, which were sequen- 
tially named New and Nonofficial Remedies 
New and Nonofficial Drugs, and New Drugs'. 
ADE is a useful and authoritative reference 
book that evaluates information on both old 
and new single-entity drugs and mixtures, 
arranged according to therapeutic category 
It is designed to help the physician in the 
selection and use of drugs. A very useful 
source of information on new drugs is the 
biweekly publication, The Medical Letter on 
Drugs and Therapeutics, Its distinguished 
board of editors provide a distinct service to 
medicine and to physicians by furnishing 
prompt, unbiased, pointed assessment of new 
drugs. A British publication, the Drug and 
Therapeutics Bulletin, is also published fort- 
nightly with the same high standards. The 
Presenters' Journal, published bimonthly by 
the British Ministry of Health, also contains 
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objective and critical analyses of new thera- 
peutic agents. Pharmacology for Physicians 
is a monthly publication in which experts 
discuss the clinical pharmacology of dru^s 
used for the therapy of particular diseases. 
Other current and critical sources of infor- 
mation on drugs, drug therapy, and druq 
toxicity include the periodic appraisals spon- 
sored by the Council on Drugs and published 
in the Journal of the American Medical As- 
sociation, and the editorials and short reviews 
in Clinical Pharmacology and Therapeutic* 
the Nc » England Journal of Medicine, and 
similar periodicals. Pharmacological Reviews 
and Annual Review of Pharmacology arc 
excellent sources of basic pharmacological 
information. 
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In vitro and in vivo pharmacologic activities 
of antisense oligonucleotides 

C.K. Mirabelli, CF. Bennett, K. Anderson & ST. Crooke 

ISIS Pharmaceuticals, Inc., 2280 Faraday Ave, Carlsbad, CA 92008, USA 

Summary: The use of antisense oligonucleotide as pharmacologic agents is a 
derivative of the central dogma of molecular biology and knowledge of the physical 
and chemical properties that govern the structure of nucleic acids. Oligonucleotides 
have been reported to inhibit the growth of a large number of viruses in cell 
culture, as well as the expression of numerous ocogenes, a variety of normal genes 
and tiansfected reporter genes controlled by several regulatory elements. The 
therapeutic activity of antisense compounds in animal disease models have also 
been reported. 

This review provides some general conclusions and trends regarding the pharma- 
cologic action of antisense oligonucleotides, that can be formulated from studies 
previously reported in the literature. In addition, data is highlighted for two specific 
examples in which antisense oligonucleotides have demonstrated activity against 
heipes viruses and intracellular adhesion molecule RNA targets. 

Introduction 

In the past few years, many papers have been published demonstrating the activity of 
numerous antisense oligonucleotides, of different sequences and chemical type, in a 
variety of cell-based systems. Recently there have been a number of excellent reviews 
that have summarized the activities of these compounds in detail (Cohn, 1989; 
Uhlman & Peyman, 1990; Cazenave & Helene, 1991). As such this review will not 
attempt to duplicate those comprehensive efforts; instead it will provide a brief 
summary of the activities of oligonucleotides in cell-based assays and attempt to 
provide some general conclusions and trends that can be formulated from these 
previously published data. In addition, this paper will provide examples of data 
compiled in our laboratories that relate to the pharmacological activities of phos- 
phorothioate oligonucleotides directed against cellular and infectious disease targets. 



Pharmacological activities in cell-based models 

Oligonucleotides have been reported to inhibit the growth of a large number of 
viruses in cell culture, as well as the expression of numerous oncogenes, a variety of 
normal genes and transfected reporter genes controlled by several regulatory ele- 
ments. These studies varied in the types of oligonucleotides used, the cells used, the 
RNAs and specific receptor sequences targeted and the conditions employed. Al- 
though a wide range of oligonucleotide concentrations have been used to treat cells, 
only a few studies have reported detailed dose-response curves and clearly docu- 
mented the purity of the oligonucleotides used. Table I summarizes the information 
from more than 40 papers in which oligonucleotides were tested for pharmacologic 
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activities against a variety of viruses, oncogenes, host genes and transfected reporter 

8E The data presented in Table I support only a few generations. First, while 
phosphodiesters are rapidly degraded in biological systems, a number of investigators 
have reported activities for unmodified phosphodiester oligonucleotides in cells 
incubated in the absence of serum or in medium supplemented with heat-inactivated 
serum When phosphodiester oligonucleotides have displayed activity, concentrations 
of more than 10 /am were required. The explanation for these activities is unclear. 
Considering the presence of endo- and exonucleases that are found within cells it is 
reasonable to think that these oligonucleotides would be degraded in the cell very 
rapidly Evidence from our laboratory demonstrates that m a number of routinely 
used cell lines phosphodiester oligonucleotides are degraded within minutes by 
nucleases found in the plasma membrane, cytoplasm and m nuclei (Hoke et at., in 

Pr Second, a variety of chemically modified oligonucleotides have been reported to be 
active in cell culture. Although considerable variation has been reported, phosphoro- 
thioate oligonucleotides appear to be more potent than methylphosphonate oligo- 
nucleotides. Conjugation of alkylators and iriterchelators to phosphodiesters and 
methylphosphonates has been reported to increase potency. Many of these modifica- 
tions have been positioned at either the 3' or 5' end of the oligonucleotides; 3 
positioning is an attempt to increase stability to 3'-exonuclease, the predominant 
serum nuclease. Lipophilic and poly(L-lysme) conjugates have also displayed en- 
hanced potencies presumably via some modulation of cellular pharmacokinetic 

characteristics. ... . . 

Third, oligonucleotides have demonstrated activities against a broad array of viral 
targets, oncogenes, normal cellular gene products and various transfected genes. This 
array of pharmacological effects clearly demonstrates the broad potential therapeutic 
applicability of these drugs. ... 

Fourth, although the data from studies included in Table I are limited, when it is 
combined with in vitro toxicologic data (Crooke, 1991), the therapeutic indexes of 
phosphorothioate oligonucleotides appear to be quite high. Initial data regarding 
certain phosphorothioates of 20 and 21 nucleosides in length, targeted to human 
papilloma virus and herpes simplex virus, respectively, also demonstrate that these 
compounds are extremely well tolerated in animals (Mirabelli et aL, in preparation). 
The effects of specific base composition within an oligonucleotide, oligonucleotide 
length, specific chemical modifications in oligonucleotide and cellular parameters (i.e. 
cell type, cell cycle phase and stages of differentiation) on the potential toxicology 
and non-antisense activities of these compounds are not yet clearly defined (Crooke, 

Fifth, very little data that support putative mechanisms of action nave been 
reported and generalizations concerning precise mechanisms of action are not 
possible. A variety of mechanisms have been proposed to explain the ultimate 
pharmacologic action of antisense oligonucleotides, all resulting from the hybridiza- 
tion of the drug with the complementary sequence within a target RNA. These 
mechanisms include the disruption of ribosomal assembly and function, formation of 
an RNase H substrate and subsequent cleavage of the target RNA, and disruption of 
RNA splicing processes or other RNA metabolic processes. It is very likely that many 
'terminating* mechanisms can be exploited for the cellular action of antisense 
oligonucleotides and that the mechanisms of a particular oligonucleotide are the result 
of the particular RNA and sequence target, the cell in which the drug is. acting and 
the chemical structure of the oligonucleotides. 
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Examples of antisense pharmacologic activities 

Our laboratory has demonstrated activities of oligonucleotide drugs against a number 
of molecular disease targets. Below is a brief summary of work on two targets: herpes 
simplex virus and a human cell adhesion molecule, ICAM-1. These data are reviewed 
in an attempt to provide examples of the antisense drug discovery process and the 
activities of antisense compounds directed against viral gene targets and host gene 
targets. 

Antisense oligonucleotides directed to herpes simplex virus RNA targets 

In vitro activities. Smith & Smith (1986) first reported antisense inhibition of HSV 
replication using oligonucleotides targeted to the splice junction sequences of the 
HSV-l 1E4 and lE5pre-RNAs. It was later reported that increasing the length of the 
oligonucleotide increased the antiviral activity against HSV-l (Kulka el al, 1989). The 
most active oligonucleotide, a 12-nucleotide long oligomethylphosphonatc, was 
directed against a splice junction covering six nucleotides in both exon and intron. 
The potency of the compound was greatest when added at the time of infection 
(IC 50 = 15 /xm) with a 5- to lo-fold reduction in potency when the oligonucleotide was 
added 1 h post-infection. A 20% inhibition in splicing was observed in oligonucleotide 
treated infected cells versus untreated infected cells. Conjugation of the 12-mer 
oligomethylphosphonate with a psoralen-derivative increased the potency of the 
compound approximately 3-fold relative to the unconjugated compound. However, 
the psoralen conjugate required activation by UV irradiation following addition to the 
infected cells. 

A study by Draper et al (1990) using phosphodiester oligonucleotides complemen- 
tary to two related region of the HSV-l Vmw 65 mRNA, reported that an 
oligonucleotide targeted to the translation initiation region effectively inhibited HSV-l 
replication. The other oligonucleotide was inactive, causing these authors to conclude 
that sequences within the same mRNA can exhibit differential sensitivities to 
antisense oligonucleotides. 

Our laboratory has designed and tested several oligonucleotides which are com- 
plementary to the translation initiation regions of several mRNAs of HSV. Oligo- 
nucleotides which target the HSV UL13 mRNA were found to be effective inhibitors 
of HSV replication, as measured in an infectious yield assay (Draper & Brown- 
Driver, 1991; Draper et al., submitted). The protein encoded by the UL13 gene has 
been putatively identified as a phosphotransferase which may be involved in the 
phosphorylation of viral capsid proteins (Smith el al, 1986; Stevely et al, 1985). 
Preliminary screening experiments revealed that phosphorothioate oligonucleotides 
were significantly more potent than phosphodiester and methylphosphonate oligonu- 
cleotides (Draper & Brown-Driver, 1991; Draper et al, submitted). One of the most 
potent compounds evaluated was ISIS 1082, a 21-mer phosphorothioate oligonucleo- 
tide, targeted to a secondary initiation codon present in HSV-l and HSV-2 UL13 
mRNA. This compound inhibited both HSV-l (KOS strain) and HSV-2 (HG52 
strain) replication in an infectious yield assay. Site specific cleavage of synthetic UL13 
transcripts was induced by addition of ISIS 1082 in RNA processing extracts of HeLa 
cells suggesting that ISIS 1082 may inhibit expression of the UL13 gene product by 
inducing RNAase H specific cleavage of UL13 mRNA. 

Evaluation of the compound in infectious yield assays using acyclovir sensitive and 
resistant strains and in comparative dose responses with acyclovir and other phos- 
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Figure 1 Sensitivity of an acyclovir resistant strain of HSV-1 (DM 2. 1, thymidine 
kinase deletion mutant) to ISIS 1082 (•) and acyclovir (■). Activities were 
measured in an infectious yield assay and expressed as a percent of untreated 
infected cell virus yield 



phorothioate oligonucleotides provided more evidence that ISIS 1082 produces its 
antiviral activity via a sequence specific antisense effect First, ISIS 1082 inhibits the 
replication of the HSV-1 strain KOS in HeLa cells by 50% and 90% at concentrations 
of approximately 300 nM and 2 ^m, respectively. ISIS 1082 was 3- to lo-fold more 
potent then a phosphorothioate oligonucleotide of similar length and equivalent (but 
scrambled) nucleotide base composition when tested against certain strains of HSV-1 
and HSV-2. In addition, it was found that ISIS 1082 was active against a number of 
acyclovir resistant strains of HSV-1, Figure 1 shows the activity of ISIS 1082 against 
the thymidine kinase deletion mutant strain, DM2,1. Acyclovir did not inhibit the 
replication of this strain. However, treatment with ISIS 1082 resulted in a dose- 
dependent decrease in infectious viral yield that was equivalent to that observed 
against the KOS strain of HSV-1. At concentrations as high as 100 /am of ISIS 1082, 
only minimal effects on host cell growth and metabolism were observed (Crooke et 
al). This lack of in vitro toxicity is again consistent with the postulated highly 
selective mode of action of the antisense compound. 

In vivo activities. Earlier preliminary reports have suggested in vivo activities of 
antisense drugs against HSV infections. One report indicated that an oligomethyl- 
phosphonate was active in a mouse model of herpes simplex virus 1 infection (Kulka 
etal, 1989). Two additional laboratories have reported on the activity of phosphoro- 
thioates against HSV-1 infections in mouse models of ocular herpetic keratitis 
(Kimura^oZ, 1991; Metcalfe al, 1991). 
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Recent data have demonstrated that topical application of ISIS 1082 in an aqueous 
buffer to the cornea of mice infected with HSV-1 (KOS) resulted in curative activity 
at drug concentrations of 0.3% and 5% (Brandt et aL, 1991; Brandt etaL submitted). 
The activity of ISIS 1082 in this model was equivalent to trifluorothymidine and 
exhibited no local or systemic toxicities. ISIS 1082 is currently being studied in rabbit 
models of HSV-1 induced epithelial keratitis and other animal models of dermal and 
systemic HSV infection to better define the pharmacology of the compound. 

Antisense oligonucleotides directed to intercellular adhesion molecules 

To date most reports of antisense oligonucleotide activities in non-viral infection 
models have focused on oncogene targets and receptor signaling targets as seen in 
Table I. Our laboratory has recently explored the use of antisense oligonucleotides to 
pharmacologically manipulate the expression of certain cellular adhesion molecules 
(Chiang elal., 1991). 



Rationale for adhesion molecules as antisense targets 

The binding of circulating leukocytes to vascular endothelium is an obligatory step in 
the emigration of leukocytes out of the vasculature to the site of infection or injury 
(Harlan, 1985). Several endothelial proteins have recently been identified which 
mediate the adherence of leukocytes to inflamed vascular endothelium and subse- 
quent migration out of the vasculature (Stoolman, 1989; Osborn, 1990; Springer, 
1990). One such protein, ICAM-1, is a 95-105 kD glycoprotein first identified by the 
ability of a monoclonal antibody to block phorbol ester induced aggregation of a 
B-cell line (Rothlein et al, 1988). The cellular distribution of ICAM-1 is different 
from other endothelial cell adhesion molecules in that it is expressed in both 
endothelial cell and non-endothelial cells including leukocytes, fibroblasts, kernatino- 
cytes and other epithelial cells (Table II). ICAM-1 binds circulating leukocytes 
through LFA-1 (CDlla, CD18), a member of the fi 2 intcgrin family (Marlin & 
Springer, 1987). ICAM-1 is a member of the immunoglobin gene superfamily 
containing five immunoglobulin domains (Simmons etaL, 1988; Staunton etaL, 1988; 
Tomassini et aL, 1989). Expression of ICAM-1 is inducible by a number of cytokines 
including IL-1, TNF-ar and IFN-y (Rothlein et aL, 1988; Stoolman, 1989; Osborn, 
1990; Springer, 1990). The broad tissue distribution of ICAM-1 suggests that it is not 
only involved in the emigration of leukocytes out of the vasculature, but may play a 
more extensive role in immune responses. Additional roles suggested for ICAM-1 
include localization of leukocytes to the area of inflammation in extravascular spaces, 
enhancement of the recognition of antigen presenting cells by T lymphocytes, 
formation of lymphocyte germinal centers, enhancement of natural killer cell response 
and differentiation of thymocytes (Rothlein et al., 1986; Dustin etaL, 1986 & 1988; 
Makgoba et al., 1988; Altmann etaL, 1989; Boyd, 1989; Robertson etaL, 1990; 
Springer, 1990). In addition ICAM-1 is the receptor for over 90% of the rhinovirus 
serotypes (Staunton etaL, 1989; Tomassini etaL, 1989). 



In vitro inhibition of ICAM-1 expression by antisense oligonucleotides 

During the initial evaluation of a series of phosphorothioate oligonucleotides targeted 
to specific sites within the ICAM-1 mRNA it was found that the cationic lipid, 
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DOTMA markedly enhanced the activity of the antisense oligonucleotides used in this 
study. DOTMA was originally described as a vehicle for transfection of DNA into 
cells (Feigner et al., 1987). Cationic lipid delivery methods differ from normal 
liposomal delivery methods, in that the DNA or oligonucleotide is not encapsulated 
within the liposome, but rather is associated with the surface of the liposome through 
ionic interactions. Preliminary data in certain cell lines indicate that DOTMA 
enhances cell association of oligonucleotides at least lo-fold and markedly changes the 
intracellular distribution of the oligonucleotide, with apparently less oligonucleotide 
being concentrated in endosomes or lysosomes and more found in the nucleus 
(Chiang et al, 1991; Bennett et al, in preparation). Therefore, in some cells 
DOTMA will enhance oligonucleotide entry into the cytoplasm of cells similar to 
direct microinjection. The use of DOTMA has the advantage over microinjection 
experiments in that oligonucleotides can be introduced into large number of cells 
allowing biochemical analysis to be performed In addition, it was determined that 
DOTMA had no effect on the expression of ICAM-1 when used at concentrations 
that maximized oligonucleotide uptake and activity (Chiang et al, 1991). The use of 
DOTMA in these experiments allowed us to determine which regions on the ICAM-1 
mRNA serve as the best target sites for antisense oligonucleotides and determined the 
mechanism by which antisense oligonucleotides inhibit ICAM-1 expression. To our 
knowledge this is the first report demonstrating that cationic lipids enhance antisense 
oligonucleotide activity in mammalian cells. 

Using DOTMA as a formulation medium we have demonstrated that antisense 
oligonucleotides which target human ICAM-1 mRNA inhibit the expression of 
ICAM-1 in two cell culture systems HUVEC and a human lung carcinoma, A549 
(Chiang et al, 1991). Screening antisense oligonucleotides which target a number of 
sites on the ICAM-J mRNA revealed that two sites were especially sensitive to 
inhibition with antisense oligonucleotides; the AUG translation initiation codon and 
specific sequences in the 3 '-untranslated region. Data from these studies suggest that 
hybridization affinity is important for antisense oligonucleotides, as truncated versions 
of active oligonucleotides (<20-mers) exhibit decreased activity, however, hybridiza- 
tion affinity is not sufficient to ensure antisense activity. Therefore, target site 
selection is also an important parameter to consider when designing antisense 
oligonucleotides. 

The most active ICAM-1 antisense oligonucleotide targets the 3' -untranslated 
region of the ICAM-1 mRNA. ISIS 1939 hybridizes to the ICAM-1 mRNA, nearly 
300 bases 3'- to the translation termination site, therefore it should not directly affect 
translation of the protein. This oligonucleotide was shown to inhibit the expression of 
ICAM-1 in endothelial cells as measured by ELISA using a monoclonal antibody to 
ICAM-1 (Figure 2). Under equivalent experimental conditions treatment of endothe- 
lial cells with ISIS 1939 blocked the adhesion of HL60 cells. Thus the blockade of 
ICAM-1 expression was coincident with the loss of functional activity of the protein. 
Oligonucleotides which hybridized to other sequences in the S'-untranslated region of 
ICAM-1 mRNA were not as effective as ISIS 1939 (Figure 2). Therefore, the effects 
of ISIS 1939 are unique to the target site to which it hybridizes. 

ICAM-1 mRNA contains three repeats of a consensus sequence, AUUUA, thought 
to be involved in destabilization of mRNA (Caput et al, 1986; Shaw & Kamen, 1986; 
Brawerman, 1989), An oligonucleotide that targets those sequences was shown to 
exhibit weak activity. However, ISIS 1939 targets an area approximately 200 bases 5'- 
to the AUUUA sequences. The region targeted by ISIS 1939 is predicted to be a 
stable stem loop structure which when bound would disrupt the structure. Analysis of 
steady state mRNA levels from oligonucleotide treated cells revealed that ISIS 1939 
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Figure2 Inhibition of IL-1 induced ICAM-1 expression in AS49 cells with anti- 
sense oligonucleotides which hybridize to the 3'-untranslated region of ICAM-1 
mRNA. Cells were treated with phosphorothioate oligonucleotides (20 mers) at 
concentrations of ■ 0.1 ftM □ 0.3 □ 0.5 /am □ 0.7 jimB 1.0 alm in the presence 
of DOTMA. ICAM-1 expression was measured by ELISA using an ICAM-1 
monoclonal antibody 84H10 



specifically reduced the quantity of ICAM-1 mRNA per cell. The reduction of 
ICAM-1 mRNA was not due to decreased transcription of the ICAM-1 gene as 
analysed by nuclear run-off reactions. Therefore, ISIS 1939 must destabilize the 
ICAM-1 mRNA either by an RNase H dependent mechanism and/or by modulating 
natural processes which help to stabilize the ICAM-1 rnKN A. 

Oligonucleotides targeted to certain other specific sites within ICAM-1 mRNA 
were found to be potent inhibitors of ICAM-1 protein expression and cell adhesion. 
These oligonucleotides were targeted to sequences within the 5' untranslated region 
and the translation initiation region. The oligonucleotide targeted to the translation 
initiation region did not cause a reduction in the steady state level of ICAM-1 
mRNA; unlike that found with ISIS 1939. Taken together these data suggest that 
different oligonucleotides targeted to different sites on an RNA may inhibit the 
production of a protein by different mechanisms. 



Summary 

The notion of using antisense oligonucleotides as pharmacologic agents is a derivative 
of the central dogma of molecular biology and knowledge of the physical and 



658 C.K. MIRABELLI et ai 



chemical properties that govern the structure of nucleic acids. The practical evidence 
that antisense oligonucleotides can be drugs is a result of the work of a number of 
laboratories, including those cited in this review. 

Key to the continued progress in the field of antisense therapeutics is the 
realization that oligonucleotides and their RNA targets work via the same principles 
of pharmacology that govern the actions of all other classes of drugs. Considering the 
properties of drugs that define their pharmacologic value, such as ligand-receptor 
binding affinity and fidelity and realizing the intrinsic properties of oligonucleotides, it 
is very clear that these compounds have enormous potential value in treating human 
diseases. 

During the next few years a number of oligonucleotide compounds will enter into 
clinical trials. These first generation antisense drugs (e.g. phosphorothioates) will 
encounter many of the same issues and hurdles that confront all novel pharmaceutical 
agents; large-scale process development, adequate methods and tools to define clinical 
pharmacokinetics and metabolism, etc. Another important component of this process 
is the continued examination and definition of the molecular pharmacodynamics and 
pharmacokinetics of these drugs. We need to better understand how the structure and 
function of RNA defines the sensitivity of specific target sites to antisense oligonu- 
cleotides, the precise role of RNase H and other intracellular enzymes and proteins in 
the mechanism of action in oligonucleotides, the process by which oligonucleotides 
penetrate cellular membranes and distribute in cells, the non-sequence specific 
interactions that oligonucleotides can engage in both in and out of ceils, and the 
metabolic pathways (both nuclease and non-nuclease) and metabolites that are likely 
to play a role in the metabolism of antisense drugs. The combination of this 
molecular, cellular, and clinical information will allow us to better determine the 
specific molecular targets and diseases that can be successfully treated with the first 
generation of antisense drugs. As important, it will define the biology, chemistry, and 
pharmacology of second and third generation antisense drugs. 
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Table 5 Tn Vino Toxicology of afliiscnse oligonocleoridcg 



Oligonucleotide 
class 




Cooc saint ti on 


Toxgct 


Cell type 


Time 


aas&samcai 


References 


Phosphodiasier 
Phosphodieswr 
Pbosphorcrhiocc 
Phospaodiestor 


IS 
20 
20 
23 


30 

150 #*M 
25 fiM 
1-30 ng 


ecu 

0CL2 
Vg I 


Humzr, T cells 
697 cells 
697 cells 
Xenepus oocytes 


4 boun 
3 days 
3 days 
2 days 


Nontoxic 
Nontoxic 
Nontoxic 

Nomnxic @* tow coo- 
ccnaHTions, ie. <5 ng 


99 
100 

92 


FtlosptioSSta-Scridinc conjugate 


? 


1-30 n* w 
50-IOCTmM 


Typo a in- 


xenopui oocytes 
MDCK 


2 days 

3 days 


Toxic g 15-30 ng 
Nontoxic 


112 


Acridhe alone 
Kfcihylpna &pno axis 

Mcdiyl pho sphonate 

Mahyi pho spho note 

Pnasphodiestcr 


9 
9 
9 

14 


150 fiM 
80 

80 nM 
1.25 MM 


fluenza 

v s V 

N-raj 
HTV 


K/TDCK 

L929 

T15 

HT29 

ATHS 


3 days 
16,40 hours 
45 hour* 

48 hours 
1 days 


Toxic 
Nontoxic 
Nontoxic 
Nontoxic 

Minor toxicity (&' all 
cone. <<35%) 


102 
103 

20 


Mcthylphosphanate 


14 


1-25 






7 days 


Minor toxicity @' all 
cone. (<27») 





P^osohorolhioate fhcterooqlvmcr) 
Ph05pnoratbi0txc (homopolymerf 

PhoSpHoroihio&tc (homooi isomer) 
PhtMphorothioetc (ontisense) 
Phosphoroutioatc (nonsaruc) 



Phojpho Chester homooligomcr [<ST) 
Phospliodicstcr hornooligorrvir (dA) 

Pnosphorniorpholidstt; homoolig- 
IdT) 



Phosphonnofpholidaic homoolig- 
(dC) 



Puofphoro'-MoaK 
Phosphcrathiomc 



14li 8 


1-25 uM 




7 days 


Nontoxic 




1-25 fiM 




7 day* 


Nontoxic 
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HSV-2 HcU S, 


72 houn 


Nontoxic 
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4-100 ug/ml 


HIV H9, MOLT3 


96 hours 


Nontoxic 


19 


20 


4-100 Mgyml 


H9. MOLT3 


96 hours 


Nontoxic (4 jxg/rnh 












Toxic (20 p%-5* 100 
















15 


4-100 ^g/ml 


H9, M0LT3 


96 hours 


Toxic 




15 


4-100 ng/m] 


H9, M0LT3 


36 hours 


Mmof toxicity 
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4-100 m*/ml 


H9. M0LT3 


96 hours 


Toxic 




15 


4-100 Mg /ml 


H9. M0LT3 


96 hours 


Toxi: 
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16 


0-G1obin Xcnoptu oocytes 


>6 hours 


Toxic 


106 


15 


0.1-25 


»U£ Human blood 
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Nontoxic 
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• Abbreviation-.; eAMP, cyclic AMP; CMj-P. methylphasphoftile oliganueleoliUci; GGF, epidermal growth fieler G-CSF. granuiocyu; colony -«dmuUlir»g 
lactor. OM-C5F, Granulocyte mocrophoge colony-aUmulatfng factor, HB. hopaUtfo S; HIV, human ImrauntxloficlenCy vhw KSV. befpes filmpJai ririi: 
HTLV, human t«c«U lympbotrpliic virtu; jy. tuflutnu vims: P. pHocphodUaUr dtoafluetoouoic: P^ortdlno, pftocphodlosl* oligonucleotide oorfjunaua wtlh 
oeridine moiety: pMp\a. pnosphooloaior olloanuclaaUd* conjugated wlUi Ipld mobtyi pboxphoioihioaie oligonucleotide^: PCNa. proliferating cell 
ftueicw imlgen: PMA. pborbol aiy>Leric «drf; RSV. Rous ooreonu vkus: TAR. T«t fMporua •tomonc TBE. Udi-oomo •ncapJUliac: VSV. vaslcubr 
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ABSTRACT 

5'-TTGCTTCCATCTTCCTCGTC-3' (ISIS 2105] is a phospho- 
rothioate oligodeoxynucleotide currently being evaluated as an 
Intrateslonal antiviral drug for the treatment of genital warts thai 
are caused by the human papillomavirus. ISIS 2105, labeled with 
U C (at the carbon-2 position of thymine) was administered as a 
single Lv. Injection (3.6 mg/kg) to female Sprague-Oawtey rats 
to assess the disposition of the drug. After i.v. administration of 
p 4 C]2105, blood radioactivity disappeared in a multiexponenlial 
manner with the half-lives of the phases equal to 0.4, 1.9, 7.1 
and 5.1 nr. The initial volume of distribution was 22 ml and the 
posldlstribution volume of distribution was 1076 mi, which Indi- 
cated an e)rtensive distribution of radioactivity. The apparent 
blood clearance was 14.7 rnl/hr. The radioactivity in the expired 
air accounted for 51% of the administered dose over the 1 O-day 
period. Urinary and fecal radioactivity accounted for 15% and 
5% of the administered dose, respectively. The major sites of 
radioactivity uptake were the liver (up to 22.6% of the dose), 
kidneys (renal cortex, up to 14% of the dose), bone marrow (up 
to 14% of the dose), skin (up to 13% of the dose) and skeletal 
muscle (up to 9% of the dose). Other tissues contained approx- 



imately 1% or less of the dose. The overall recovery of radioac- 
tivity 10 days posldosing was 85.1 ± 7.5% (mean ± SD.) of the 
administered single dose. The radioactivity in the blood was 
almost completely in the plasma during the course of the study. 
In the plasma, the radioactivity was extensively bound to pro- 
teins, as assessed by sl2e-exclusion high-performance liquid 
chromatography (HPLC), In samples up to 6 hr postdosing. 
Retention data on size-exclusion HPLC and in vitro Incubations 
using purified proteins suggested that the plasma proteins that 
bound F*Cpi05 were albumin and atj-niacroglobuftrt. The com- 
plex formed between the plasma proteins and p *CJ21 OSderived 
radioactivity was dissociated on anion-exchange HPLC to indi- 
cate that the great majority of plasma radioactivity coeluted with 
intact ["C]21 05 in samples that contained sufficient radioactivity 
for analysis. There was a timedependent decrease In the pro- 
portion of hepatic and renal radioactivity that coeluted with the 
intact l l4 C]21 OS during the course of the study. The urine did 
not contain radioactivity that eluted with intact p'C]2105 on 
anion-exchange HPLC. 



Substantial interest in the development of oligonuclcotide- 
bascd therapeutic agents has been generated (Zamencik ec al., 
1976; Stein ec al, 1988; MiiabeUi cc ah, 1991; Crooke, 1992). 
Several first-generation oligonucleotide analogs, in which one 
or more of the substitoents on the taierauclcotide phosphate 
are modified, e.g., phosphorothioaxes, mclhylphosphonatss and 
phosphorodithioates, have been synthesized and Tested (Mat- 
sukura et al., 1987; Croolce, 1992). Each of these modifications 
was shown to enhance the nuclease stability of oligonucleotides 
significantly (Agrawal and Goodchild, 1937; Croolce, 1991). 

Phosphorothioate oligodcoxynuclcotides have been studied 
extensively as potential and sense therapeutic agents- They 
displayed potent antiviral activities and inhibitory activities 
against a wide range of mammalian gene products (Mirabclli et 



al., 1991; Crooke. 1992). Although nhosphoroihioarc oligode- 
oxynucleotides may display pharmacological activities that arc 
the result of mechanisms other than antisense, t^icajjy^ non^ 



Received for publication June 4, 1993. 



^ abelli ct el, 1991; Crooke, 1992). Optimal 

antisense activities for phosphorothioate ohgodeoxynucleotjdw 
3rc usually observed with oligonucleotides that art 18 to 21 
nucleotides in length (Cohen, 1989). 

Phosphorothioate oligodeoxyuuclcotidss have been shown to 
lx stable (half-lives > 24 hr) in scrum, cell homogenates, cells, 
cerebrospinal fhnd and organs (Crooke, 1991; Campbell ct al., 
1990: Agrawal et al.. 1988; Crooke, 1993; Stein et al> 1988; Loke 
et aL, 1989; Hoke et al . , 1991). They were taken up by many 
types of cells m tissue culture (for review, see Crooke. 1991; 
Crooke, 1993) and cellular uptake and in vivo activities can 
sometimes be enhanced by cationic lipids (Bennett et al., 1992; 
Perlaky et al., 1993). 



ABBREVIATIONS: HPLC, high- performance liquid chromatography; SE-HPLC, ilu-eaclaston HPLC; SU-HPLC, strong anion-exchange HPIX; 

ISIG21 05, 5 ^TT QCTTCCATCTTCCTCGTCVS': AUC , area under the pi asma curve. 
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Two previous studies investigated the pharmacokinetics of 
phosphorothioatc oUgodccxyuucleoodes in animals. The phar- 
macokinetics of a 20-mer phosphorothioate oligodeoxynucleo- 
tidc were determined after single i.v. or i.p. doKes of 30 mg/kg- 
the oligonucleotide was labeled at each intcmucleotide Imkage 
with "S. Tne compound was shown to be bioavailablc after i.p. 
administration to have broad peripheral riasue distribution and 
to be cleared primarily by renal excretion. Gel elearophorcdc 
analysis demonstrated significant, albeit slow, metabolism m 
the liver. Wdney and rotcatines (AgrawaJ et al., 1991). A 27-mer 
phosphorothioate deoxyoliconucleotide labeled with "S was 
reported to display biexponenlial elimination in plaama with 
an slirnination half-life in excess of 40 hr after a single i.v. dose 
of 4.8 mg/fcg in the rai (Iversen, 1991). 

ISIS 2105 is a phosphorothioate deoxyoUgonucleotide that is 
active against human papillomaviruses (Cowasrt et aL, 1993). 
It is currcndy undergoing pivotal Phase II clinical trials for the 
treatment of genital warts. There were two objectives of the 
current study. First, we wanted to develop and evaluate a 
radiolaheling method that results in highcr-apedfioactivUy 
oligonucleotides to support more detailed pharmacokinetic 
nudies and a more definitive evaluation of metabolism that 
could be used in clinical trials. Second, we sought to perform 
-.ore definitive pharmacokinetic distribution and metabohc 
studies in which metabolites in the plasma, urine and tissues 
were evaluated using HPLC techniques that support more 
quantitative analyses. 

To achieve these objectives, wc radiolabeled ISIS 2105 at tbc 
carbon-2 position of all thymidines. Because thymidine is me- 
tabolized into CO* metabolism can be measured by expecting 
expired air. This provides an estimate of the total metabolism 
of the oligonucleotide. Coupled with the extraction of radioac- 
tivity and HPLC analysis, a reasonably precise evaluation of 
metabolism can be achieved. Obviously, a full evaluation of 
metabolism will require the analysis of intermediates between 
the intact oligonucleotide and CO> We also developed HPLC 
methods to evaluate the integrity of the radiolabel in tissues 
and biological fluids. 

Materials and Methods 

ISIS 2105 Synthesis and Purification 

The "C-lttbeled phosphorothioate ISIS 2105 was chemically synthe- 
sized by using tbc deoxynuclcoside phosphoramiditc approach (Beau- 
cage and Caruthcra. 1981; Maneucri and Caruihcra, 1981). The phos- 
phorourioMe linkage was gene raced by oxidising > H«l f 2«benaodi- 
thiolc-3-one-LWioxide (Iyer et el, 1990) instead of aqueous iodine. 
All reagents and materials for the solid-phase synthesis of DNA were 
purchased from commercial sources with the exception of the "C- 
thymioine phosphoramiditc. The "C-labeled phospluramidite synthofl 
was generated from "C- thymidine ("C at tbc carbon-2 position of the 
thymine ring (specific activity, -56.3 mCiAmnol, Sigma, St. Louis, 
MO) us described elsewhere (D. Dcllinger and H. Sasmor, manuscript 
in preparation). 

The crude ayntheric oligonucleotide was purified by trityl-on reverse- 
phase HPLC by using a methanol gradient in a 025 M sodium acetate 
mobile phase buffer. The HPLC product was acid deproiected and 
recovered by ethiinot precipitation as the sodium soil. The final product 
was analyzed by using electrophoresis *ith 20% denaturing polyacryi- 
amidc gels and the foil length integrity (88% full length material) and 
Lhe radiochemical purity (88% of counts per minute in the full length 
product) was determined by laser scanning densitometry and quanti- 
tative phosphorirmiging (Molecular Dynamics. Foster City, CA). re- 
spectively. The specific activity of the final product was -2.0 X 10* 



vol. ir, 

cpm/,imol and had approximately 97.6% phosphorofciodiestar content 
(us, 2.4% phoaphodieswr) as determined by high-field nuclear magoedc 
resonance (500 MH2, University of Missouri, Columbia, MO). 

Formulation of U C-ISIS 3106 in pbo9ph*t*-buJBeT«d saline. 
We formulated 2.22 x 10* cpm (1 1.7 pmol) of the purified product by 
dilution in phciphate-buffercd saline, pH 7.0, (Irvine Scientific. Pasa- 
dena, CA) to deliver 2 X 10" cpm per 100-jil injection. Tbc solution was 
swrile fnxcred through a 0-22-fim cellulose acetate finer (S&S Uniflow, 
Keene, NH) and the radioactivity was determined in- 100 *d by 
aqueous scintillation, 

Animals 

Young adult female Sprdgue-Dawky rats (9-10 weeks old, 175-209 
g at the lime of randomization) were purchased from Taconic Farms 
(Gennantown, NY). The animals were cvccH mated to the surroundings 
of the animal facility used for radioactive studies for approximately 1 
week before dosing and were examined by a veterinarian before ihey 
were assigned to the study. During acclimarion, the rata were housed 
in individual siainless steel suspended cages with noncontact bedding 
(CcUu-dri, Shepherd Specialty Papers, Kalamazoo. MT). Twenty-four 
hour* before dosing, the rats to be used for urine, feces and expired air 
collection were transferred 10 Nalgene mciAbolwm cages (Nalge, Roch- 
ester, NY). At the rime of dosing. the a n i m als used for die collection 
of urine, feces and expired air wc iraiurfcrred to glasR metabolism 
cages (Vanguard Tntcrnanonat Neptune. NJ). The animals used for 
the collection of Telro-orbital blood simples, but not for urine and 
feces, were housed individually in stainless steel suspended cages. Each 
cage' was labeled with lhe animal identification number. Food and 
water were allowed ad Ubitum. The food conrisied of Purina Standard 
Rodent Chow (#5001, Raltcch Scientific Services. Si. Louis, MO) in 
pellet form. The water was city cap water. 

Compound Administration 

The [ M C]2105 was administered in solution in phosphate buffer, pH 
7, ro ram by uv. injection' (100 4) into the caudal tail vein. The 
concentration of [ H C]2105 was 1.2 mM; therefore, lhe dose levd was 
approximately 3.6 mg/kg. The actual doses administered ware calcu- 
lated by using the assayed concentration of radioactivity m a 100-fd 
volume of the formula! ion.Thc [ l *C)2105 was administered to 25 female 
rats. Five rata were used for the collection of urine, feces, expired air 
and tissues at the rime of sacrifice. The remaining 20 animals were 
used for the collection of blood or intervals after dosing and dames al 
the time of sacrifice. 

Sample Collection 

Urine and feces. Urine and feces were collected from the five 
animals housed in glass metabolism cages at 0 to 4, 4 to 8, B to 24, 24 
to 48, 48 to 72, 72 10 96, 96 to 120. 120 lo 144,144 to 168, 168 to 192, 
192 to 216 and 216" to 240 hr after administration of [ M C]2i05. 

The urine and feces were frozen immediately on excretion and were 
kept frozen for the entire collection period, Before sacrifice, lhe animals 
were made lo urinate by genUc pressure on the urinary bladder and 
this urine was combined with lhe last sample collected. A thorough 
cage wash with water was performed at the time of sacrifice. At sacrifice, 
the blood and plasma were obtained as described subsequently. Urine, 
faces and cage washings were stored in a -20°C freezer. 

Expired air. The radioactivity m lhe expired air was collected from 
the five animals housed in glass metabolism cages in a scries of two 
traps. The traps contained 6 M KOH for the collection of u COa- The 
radioactivity in the expired air was collected during the following 
intervals- 0 to 4, 4 to 8, 8 to 24, 24 to 48, 48 to 72, 72 to 96. 96 to 12°. 
120 to 144, 144' to 168, 168 to 192, 192 to 216 and 216 to 240 hr after 
the administration of [ M C]2105. The KOH samples were stored in a 
4°C refrigerator until analysis. 

Blood. Single blood samples (approximately 50-100 pi each) were 
obtained by retro-orbital puncture from two animals at each of the 
following tima points: 0.5, 1.5, 3, 6, 12. 36, 56, 80, 104 and 128 
Capillary tubes containing blood were stored on ice unlil the blood 
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aliquoted into combustion cones. Two animuls were sacrificed ox the 
following time points: I, 2, 4, 8. 24, 48, 72, 96, 120 and 144 hr tf* 
dosing. At sacrifice, the animals were anesthetized with CO, and the 
blood" (5 ml) was recovered by cardiac puncture and transferred into 
herwriaized Vacwaincr rubes (Becton Dickinson, Rutherford. NJ). The 
pfosma was obuined from the blood by canmfugnricn and kept on tee 
before storage at -20°C. Animals were sacrificed by exsmguinaiion. 

Tissue. At the time of sacrifice, the liver, kidneys, spleen, lungs, 
brain, eyes, bone (femur), skeletal muscle (representative sample), 
ovaries, uterus, rcprcsentalive donol skin and cniaw were collected 
and immediacy frozen on dry ice and stored in a -20°C freezer. 

Analytical Proeodures 

All determinations of mtal radioactivity in the tissues, excreta and 
blood were made with a Beckman LS 6000 sciaiiUation system (Fuller-, 

ton, CA). . , ^ - • • j i\ 

Tl\c weight of the urine was determined. The rachoacuvity in dupu* 
cole samples of urine, plasma and cage rinse was determined in SciflV 
A XF (Packard Instrument. Downers Grove, TL). The radioactivity m 
duplicate samples of KOH was determined in modified Bray"* solution 
(Nomeir «t aL t 1992). feces were weighed and homogenized with 
distilled water (20% w/w) with a BrinWmann Polytron horaogeruzer 
(Lucerne Switzerland). 

The liver, lung, brain and spleen sample* were weighed and finely 
minced before combustion. The skeletal muscle (representative sam- 
ple), blood, uterus, eyes and ovaries were weighed hut not prctreowd 
before combustion. The hone marrow was removed from bone and 
weighed before combusaon. The renal medulla and cortex were excised 
from the kidneys and aliquots were weigicd before combustion. The 
carcasses from the animals mat were used to determine mass balance 
and *c akin (representative sample) were weighed, powdered on dry 
ice with a Waring (New Hartford, CT) blender and homogenized with 
distilled water (33% w/w) with a Brirdanann Polytron homogenizes 

Duplicate samples (total sample size allowing) of fecal homogenalcs, 
tissue minces and whole tissues were aUquoted and then underwent 
combustion with a Packard Tricarb oxidizer, model 307, The U C 
radioactivity was trapped in Carbosorb U (Packard Instniment). The 
recovery of the combustion system was determined on a daily basis and 
ranged from 97% to 100%. 

Extraction of tissue radioactivity. To approximately 1 g of liver. 
0.5 ml of extraction buffer (03% NTM0, 20 mM Tris HC1, pH 8.0, 20 
mM EDTA, 100 mM NaCl and 2 mg/ml of proteinase K) was added 
and thg tissue wus homogenized using a Bessman tissue pulverizer 
(Spectrum, l-louswn, TX) followed by using *e A pestle of a 7-xnl 
Dounce-rync tissue grinder (Wheaton, MMvillc. NJ). One kidney from 
each animal was dissected into the cortex and medullar regions. We 
combined 0.1 to 0.2 g with 0.25 ml of esiraeaoa bufler and homogenized 
it in a 1-ml Dounce-type tissue grinder (Wheaton) by using die A 
pesde. All samples were men incubated at 65'C for 24 hr, followed by 
ccntrifupition at 16,000 x g at 4°C for 15 rnin. the supermitants were 
removed and stored frozen at -70'C until analysis. 

All samples were filtered through on Ultrafrcc-MC 0.22-jim filter 
(Ivfillipore. Bedford, Ma) at 4'C. Before analysis, me liver and kidney 
samples were dttwed and unlabeled ISIS 2105 was added 10 a final 
concentration of 100 pM. The plasma samples were thawed at room 
KniTjcrature and immediately analyzed. 

HPLC. SAX-HPLC was used to determine die metabolic profile of 
the plasma and urine and hepatic and renal tissues. Ton-cxchang* 
analyses were carried out using a Beckman System Gold liquid chro- 
matography system with model 126 pumps, model 507 uuioinjector, 
and model 166 detector. We analyzed 43 A of each sample of plasma 
mid urine, or of liver or kidney homogenaic, at 260 nm on a 4.6 x 100- 
mm Gen Pak Fax column (Waters, MiUM, MA) by using the following 
buffers and gradient: buffer A, 0.086 M Tris Hffl, pH 8.0. 20% maiha- 
aol; buffer B, 0.036 M Tris HO, pH 8-0, 1.5 M NaBR; gradient, 0% B 
tfiocTfltic for 5 min and then linear to 60% B over 45 min at a How of 
0.5 ml/min. Fractions (0-5 ml) were collected and added to 5 ml of 
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Rwdysate scintillation cocktail (Beckman) and then counted in a 
Beckman model LSflOOOIC scintillation counter. 

The plasma samples were also analyzed by SfcVHPLC by using a 
Hewlett-Packard (Pasadena, CA) model 1090 M bquid chrornatography 
system and a 7.8 X 300-mm TSK-gel C2000 SWXL column (Josobnas, 
Montgomcryville, PA). Tbe analyses were carried out in 0.05 M 
NajHFO*. 0.1 M Na^SO, and 0-05 M NaH»PO„ pH 7.0, at a flow of 
0.45 ml/min. On-line radiochemical detection war accomplished with 
a Radiomatic FLO-ONeVbcta model A-525A detector (Packard Instru- 
ments. Meridcn. CT). The scintillation cocktail, UWroatc-Flc-V, was 
purchased from Packard Trutrumeote and was used at a flow rate of 
0.9 ml/min. 

Calculations 

The concentrations of radioactivity in the samples processed by 
combustion were corrected for the recovery efficiency of the coiribusaon 
system, which was determined dairy before tbe combustion of experi- 
mental snroples. Tbe observed mdioactivity values were converted to 
compound mdioequivnlcai conccntraricras- The racHoequivalcntfl were 
defined as Ihe amount of parent compound, at the specific acrivicy as 
administered, that would result in the observed disintegrations per 
minute value. Compound equivalents in a biological sample were de- 
termined by dividing me disintegrations per minute in the sample by 
the specific acaviry of the compound in disimegrafaons per minute per 
microgram. The compound equivalents were expressed m micrograms 
per gram of tissue and, when possible, as a percentage of the adminis- 
tered dose/organ or tissue. For me purpose of calculating a mean ± 
S_D. f the tissue samples in which me radioacriviry wus less than twice 
the background for mc system, the cmnvulents were less than 0.005 
microgram cqurvolenw per gram of the radiooctivrry was less than 
0.005% of the dose were considered to have a value of zero. 

The radioactivity in urine, feces, volatile traps and cage rinse was 
expressed as a percentage of ihe administered dose for each time 
interval and aa a cumulative pcrcenbtge. For the purposes of calculating 
a mean ± SIX, urine, feces, expired air and cage wash samples m which 
the radioactivity was less than twice rhe background for the system or 
the radioactivity was less than 0.05% of the dose were considered to 
have a value of accro. 

PWaxrnacokinetic parameter* for the ISIS 2105 equivalents in blood 
and plasma were calculated by polyexponential curve fitting of the 
observed concentrations, using the RSTRTP, Poly exponential Curve 
Fining Program, Version 4.02 (Micrornmh Scientific Software, Sail 
Lake City. ITT). The areas under the concent on-time curve and the 
terminal elimination half-lives for tissues were calculated by using 
noncomparanartal analysis of the observed data (Shumaker, 1986). 

Results 

Percentage of the Doss of ["CJ21D5 in Tissues 

The percentage of the dose in the tissues at intervals after 
the singlc-dose administration is summarized in table I. The 
maximal percentage of the dose in the liver (23%) was observed 
4 hr after dosing. The maximal percentages in the renal cortex 
(|4%) and renal medulla (3%) were observed at 4 and 8 hr after 
dosing, respectively. At 240 hr after a single i.v, administration, 
a significant portion of the radioactivity remained in the tis- 
sues. The highest percentage of the dose was observed in the 
renal cortex (4%), followed by the skin and bone marrow O'v 
each). A lesser percentage was observed in the liver (2%). All 
other tissues contained less than l% of the dose. The towl 
percentage of the dose recovered in the tissues and carcass aL 
240 hr was approximately 20% (table 2). 

Urinary Excretion of ["C]2105-Derived Radioactivity 

The mean cumulative percent of t"C] 2105- derived radioac- 
tivity excreted in the urine is summarized in figure I. The 
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PeMge of dose in ftwuW of female Sprague-Oawtey rata at Intervals after a single lv. administration of rd*lGS at a dose of 
3.6mg/kg _„ 
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Urine 
Feces 

Expired air 
Tissues 
Cage wash 
Total 


4.5 
61.6 

16.1 
3.6 
95.7 


16.2 
4.2 

51.6 

21.6 
4.0 

97.6 


Oammxmsffl 

15.3 
4.3 
56.1 
16.3 

4, a 

100.6 


15.0 
5.9 

S0.4 

22.9 
5J 

99.2 


4.1 
43-7 

20.5 
2.3 
62.1 


15.1 ±2.2 
4.6 ±0.7 

51.1 ±5.1 

20.3±2.Z 
4.0 ± 1.1 

95.1 ±7.5 



percentage of [ l4 C]2105-deri*ed radioactivity excreted by the 
urinary fouie was 15.1 i 2.2%, primarily within the first 72 hr. 
The urinary excretion rate resulted in an elimination half-lite 
of 55 hr (table 3). 

Fecal Excretion of C*CJ2 105- Derived Radioactivity 

The mean cumulative percent of [ u C]2105-derived radioac- 
tivity eliminated in the feces is summarized in figure 1. Tbe 
percentage of ["C]21G5-derived radioactivity excreted in the 
feces was 4.6 ± 0.7%, primarily within tbe first 96 hr. 

Excretion of [ 14 C]210S-D«rived Radioactivity in Expired Air 

The excretion of [ w C]2105-derived radioactivity in expired 
air is illustrated in figure 1 . The majority of the i.v. dose of 
("C]2105 (51.1 ± 5.1% of the dose) was eliminated by expired 
air, primarily within the tat 96 hr. The expiration rate of [ l *C] 
2105-derived radioactivity resulted in an elimination half-life 
of 60 hr (table 3). 

Total Recovery of r*C!2105-Oerived Radioactivity 

The total recovery of [ M C]2105-derived radioactivity after a 
single i.v. dose of [ M C]2105 at 3.6 mg/kg is summarized fn table 
2. The majority (51%) was recovered in the expired air. A 
smaller percentage was recovered in the urine (15%) and in the 
feces (4.6%). The remaining radioactivity was recovered in the 
tissues and carcass (20%) and the cage waah (4%). Overall 



recoveries ranged from 82% to 101% with a mean for the five 
animals of 95.1 ± 7.5%. 

Phannacokinebcs of ISIS 2105 Equivalents in Blood and 
Tissues 

The pharmacokinetic data analysis is based on microgram 
equivalents of ISIS 2 1 05 present in the matrices. Aa such, the 
data describe the pharmacokinetic behavior of ISIS 2XD5-re- 
latcd radioactivity and not necessarily unchanged parent fSIS 
2105. 

Pharmacokinetics in blood. After i.v. administration, a 
peak blood radiouctivrcy concentration of 17.2 jig equivalents/ 
g was achieved. The concentration versus time profile in ihe 
blood is shown in figure 2, along with the fitted polyexponential 
curve used to calculate pharmacokinetic parameters. The blood 
radioactivity versus time profile was poryexponential, with four 
phases (tuble 3). The initial phase had a half-life of 0.4 hr and 
the terminal elimination phase had a half-life of 51 hr. The 
plasma data paralleled the blood elimination profile but the 
terminal elinunation half-life waa 40 hr (data not shown). At 
each of the corresponding time points, all or most of the 
radioactivity was associated with plasma and not with formed 
elements of blood These data strongly suggest no binding or 
distribution of ISIS 2105 on or in the red blood cells. As would 
be expected from the long terminal half-life, Oie apparent blood 
clearance after Lv. administraUon was low, i.e., 14.7 ml/hr 
(tabic 3). 
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Flo. mean C± S.O., n = 4) cuwlatlve percentage of the dose ellalnatea 
as^CO, m in urine (K) and In feces (♦) of f mU Sprague-Oawtey rats 
afier U. a<lBln1 strati on of ( ,4 C]2105 at a dose of 3.6 n«/*g. 

The initial volume of distribution was 22.0 ml and the poet- 
distribution volume of distribution was 1076 ml which indi- 
cates extensive partitioning into the tissues. 

Pharmacokinetics of tissue radioactivity. The tissue 
radioactivity conccntfaaous were highest in the liver, kidney, 
spleen and bone marrow (table 1). The elimination half-life 
from the liver was 62 hr, which approximated that seen in the 
blood. The elimination half-life was prolonged, in the kidney, 
with obseived values of 112 hr in the cortex and 156 hr in the 
medulla. The elimination half-life or radioactivity from the 
bone marrow was 78 hr (cable 3). 

The areas under the concentration versus rime curves for the 
tissues (bone marrow, liver, spleen and kidney) were calculated 
to gauge a relative drug exposure level after Lv. administrarion 
of [ W C)2105. For these four tissues, comparisons were made per 
trrarn of tissue and not adjusted for the total organ weights. Of 
these tissues, the liver and spleen received the lowest exposure, 
with AUCio->a of 1158 and 1613 MS equivalents-hr/g, reapec- 
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tively The kidney medulla received 5.6 times the liver exposure 
or 6497 m* emirvalenls-hr/g. The kidney cortex received the 
highest exposure, 15688 MS cquivalents&/g, approximately 2.4 
limes the medulla and 13.5 times the liver exposure. The bone 
marrow exposure was apFoximatcly 2 times the Uvcr exposure, 
with an AUC of 2526 *g emiivalents-hr/g. These AUCe were 
much higher chan the blood AUC; this again suggested signifi- 
cant partiuormg of 1STS 2105 equivalents into toe tiroes. 

Characterization of Plasma, Tissue and Urinary 
Radioactivity 

Plasma radioactivity was present in two peaks as assessed by 
SE-HPLC (fig- 3). The majority of the radioactivity ehrted with 
a retention time thai was the same as that of the known 
complex formed between purified rat albumin and [ l *C]2105 
(approximately 18 mia). A smaller proportion of the plasma 
radioactivity eluted with a retention rime that was the same as 
that of the known complex formed between purified human a*- 
macroglobulin and [ l4 C]2105 (approxiinatery, 15 rnin). Little or 
no radioactivity eluted with a retention time of authentic [ C] 
2105 (approximately 23 min). frclumnary studies (Cossum et 
al manuscript in preparation) demonstrated thai the affinity 
of ISIS 2105 for albumin and a r macrogiobulin was in the 
micromolar range and that binding to both proteins was satu- 
rated when ISIS 2105 concentrations exceeded 5 to 10 mM- 

To aeterrninc the integrity of ISIS 2105, plasma was applied 
directly to SAX-HFLC. The buffer in thai system results in 
ihe extraction of radioactivity from plasma proteins. When a 
tissue pulverizer step was included, the total recovery of the 
radioactivity was approximately 60%. If only simple horooge- 
nization with a Pounce baraogenizer was used, only approxi- 
mately 30% of the toial radioactivity was recovered However, 
a comparison of the sumples by HPLC revealed no difFerences; 
xhus, both methods probably extract representative samples 
from the rissues. "When plasma sampled from rats for up to 8 
Jir postdosiDg was subjected to SAX-HPLC, the rnajoriry of the 
radioactivity eluted with authentic [ U C]2105 (fig. 4). The ra- 
dioactivity in peaks cluting earlier than authentic ["C]2105 
were, presumably, shorter metabolites of ["C]2105- At the 8-hr 
time point, approximately 38% of the radioactivity represented 
intact ISIS 2105. A dcterrnination of the proportion of intact 
ISIS 2105 in the plasma obtained after 8 br fie., a 24 hr) was 
not possible because of the low levels of radioucuvity in those 
samples. 

Figures 5 and 6 show anion- exchange radio chromaio grams 
of extracts of hepatic and renal cortex tissues, respectively, 
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TABLE 3 

pharmacokinetic parameters of ISIS 2105 equivalents. 



after a single i.v. administration of [ W C]Z1QS at a dose of 3.6 mg/kg 
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Fig, 2. concentration of ISIS 21B5 equivalents l^the Mood of /««|* 
Sprague-Dawley rats after i.v. adiirn strati on of ["CP 1 85 at a dost of 
3 5 w/kg. Each point represents the average of the values for two 
animals. The dashed line represents the line of bast fit estimated frot 
thefofr^onripanmentaodel . 




F1g. 3. SE-HPLC radlochrotntograis of pi asna sailed fr on fenale 
Spragua-Dawley rats at various times after U iim\ strati on i of ng 
21B5 at a dose of 3.6 mg/kg. The control peak represents (""cpiw 
that has a retention tin of approximately 23 tin. The Dlasw saiples 
frra dosed rats contained radioactive peaks elating at approxintely 15 
rain and approximately 16 » 1n * 

sampled at various limes after the administration or ( M C]2105- 
The proportion of apparently unchanged ["CJ2105 decreased 
with time The proportion of radioactivity present as appwenily 
inlact [ M C]2105 varied between the liver and kidney; [ C]21Q5 
was more stable in the kidney lhan in the liver. After 24 hr, 
approximately 15% of the radioactivity extracted from the lrver 
represented imact ISIS 2105 and only trace levels of intact 
ISIS 2105 were present al 48 nr. By contrast, even after 96 hr, 
48% of ihe radioactivity extracted from the kidney represented 
intact ISIS 2105. . 

Figure 7 shows anion-exchaiige radiochromato grams ox urine 
sampled tor up to 96 hr postdosing. Little or no radioactivity 
eluied with the same retention rime as authentic [**C]2105 at 
any sampling lime. 

Discussion 

The radioactivity in the blood was located almost entirely in 
the plasma for 3 to 4 days afteT dosing. Only low levels of 
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radiolabel were detected associated with the cellular compo- 
nents of ihe blood The radioactivity in the plasma was asso- 
ciated with albumin and ata-macroglobulin; only a trace of free 
P*C]2105 was detectable in the plasma. Preliminary data sug- 
gest that ISIS 2105 binds to these proteins with a relatively 
low 'affinity and that binding is clearly saturable (Cossum et 
al., manuscript in preparation). The radioactivity bound to 
those plasma proteins represented mostly inlact [ l4 C]2105. 
However, the levels of radioactivity in plasma were insufficient 
to determine the integrity of the drug al times beyond B hr 
postdosing. 

There was a rapid and substantial distribution of radioacov- 
ity from the blood into the tissues. The initial volume of 
distribution of 22.0 ml approximates the blood volume of the 
rats used in this study. The poRuustribution volume of distri- 
bution was 1076 ml, a value that indicated the djsiribution of 
radioactivity into a "deep" compartment. A four^ornpartraeni 
model fit the data best fue, t r* 0.398 vs. 0.823 for a two- 
compartmenl model). However, in other studies wc have per- 
formed, a rwo-compartment model til the data best. Conse- 
quently, we ihink the complexity of the model most likely 
results from minor onirnal-to-anirnal variations and the fact 
that radi equivalents were considered rather than intact drug. 
In future studies, we will attempt to address this issue in more 
detail. In any event Ihe elimination half-life was prolonged 
and cxaminatiou of miacl drug levels suggested a relatively 
prolonged diminution half-life for the intact drug and radio- 
equivalents. The primary organs of accumulation of radioactiv- 
ity were the liver, kidneys (particularly the renal cortex), bone 
marrow and spleen. The kinetics of distribution of the radio- 
label into the peripheral organs varied. Peak levels were 
achieved in the liver and kidney 4 hr after the dose. By contrast, 
peak levels in ihe skeletal muscle were observed 1 hr after ihe 
dose and peak levels in the bone marrow were not achieved 
until 24 hr poscdose. Skin accumulated a surprising amount of 
radiolabel, with peak levels that occurred 2 lo 4 hours after 
administration. 

That ihe radioactivity in various organs represented intact 
[* 4 C]2105 and metabolites was demonstrated by extraction 
followed by SAX-HPLC Although hs metabolism in the liver 
was extensive, the rule of metabolism was relatively slow. 
Twenty-four hours postdosing, approximately 15% of the total 
hepatic radioactivity was present as irrtacl ["C]2105, The me- 
tabolism in the kidney was minimum because intact drug was 
present even 96 hr postdosing. The extensive metabolism in 
the liver, coupled with the lack of metabolites found in ihe 
kidney and complete absence of intact drug in the urine, sug- 
gested that, after the initial distribution, only limited redistri- 
bution between the liver and kidney (and presumably other 
organs) occurred. 

In this study, "C-labelcd ISIS 2105 was synthesized using 
a C-labeled thymidine labeled at the carbon-2 position of thy- 
rnine. The fale of mymidine is either through utilization mto 
DNA or degradation to thymine (Henderson and Patterson, 
1973). In mammals, ihe carbon-2 position carbon of thymine 
is degraded to CO* and so production or "COj would be expected 
when thymine is labeled at that carbon (Henderson and Pat- 
terson, 1973). Thymine could have been generated from ISTS 
2105 in vivo in at least iwo ways. The putative metabolic scheme 
would involve hydrolysis of the phosphorothioate backbone, 
which eventually would generate thymiouic Subsequently, thy- 
midine phosphorylase could dethiophosphorylate the thynu- 
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Rg, 4. SAX-hpuc radlochronatograms of Dlasxa 
ssnpled from feiale Sprajue-Dawley Fits at various 
tines after l.v. adatnUtratton of t 14 cj2i *5 at a dose af 
3.6 mg/kg. The plasna contained radioactivity that 
elutad prt net pally with ["C]21 (appraiiait tly 43 il n) . 



Bg.S.SAX-HPLCrad1achroaatograBs of extracts of liver 
samled froi tale Sprigua-Dwlay rats at various tlaes 
after l.v. administration of p^iOS at a dose of 3.5 rng/ 
kg. Authentic rc]2i05 efutes at approximately 43 nln. 



dine or the thiophosphate might be oxidized first and the 
phosphorylasc then would release phosphate. Thymine could 
then be rurthcT metabolized to CO,. Thymidine phosphorylasc 
is a cytoplasmic enzyme with highest activity in the intestinal 
mucosa, liver, bone marrow, kidney and spleen (Friedkin and 
Roberts. 1954). Consequently, the limited amounts of degra- 
dation products in the kidney suggest that the rate-limiting 
step in the pathway is hydrolysis. This is consistent also with 
the slow overall metabolism observed. In this regard, it is 
important also to recognize that approximately 2.4% of the 
iatarnucieotide linkages m [ M C]2105 were phosphate resulting 
from the oxidation of the phosphorothioate during synthesis. 
This is greater than rhc rourine specification for unlabeled TSIS 



2105 (0.6%) and could account for a slightly greater hydrolytic 
rate of radiolabeled ISIS 2105. 

Alternatively, it is possible that thymine was removed from 
[ 14 C12105 by a glycosidic bond cleavage without prior hydrolysis 
of the intcrrracleotide linkage. DMA glycosylates are nuclear 
enzymce that remove purines or pyrimidinca from DNA as part 
of repair mechanisms. The resulting apurinic or apyriniidinic 
site in the oligonucleotide would be expected to be susceptible 
to endonuclease action (Warner, 1983)- Further studies are 
required to elucidate the mechanism(s) of ISIS 2105 degrada- 
tion. 

The principal, albeit slow, mechanism of clearance of ISIS 
2105 in rats is metabolism. Of the total dose, in excess of 50% 
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fio.6. SAX-HPLC radlochrooutogpaw of extracts of renal 
cortex sasplftd froa fesale Sprague-Bawley rats at various 
tins after l.v. adiiMstratlon of PCJ21 85 at a dose of 3.6 
mgykg. Authentic ( 14 CJ21 0S elutes at approximately 43 mil 




Pg.7. SAX-HPLC radtachromatagrams of urine sam- 
pled froa fenla Sprasue-Dawley rats at various tins 
after adalM strati on of r 4 C]2105 at a dose of 3-Smg/ 
kg . Authentl c ["CJSiOS efutes at approxirately 43 »1n . 



was recovered in expired air. Only metabolites were found in 
the urine and urinary excretion accounted for only 15% of the 
tool dose- There was no evidence of significant biliary secretion 
or hepatobiliary recirculation. 

Although the results of this study and the study of Agrawal 
a al. (1991) were similar, there were several important differ- 
ences. Agrawal et al. (1991) did not report on plasma protein 
binding. ISIS 2105, and every other phosphorothioate oligo- 
nucleotide we have studied, binds extensively to plasma pro- 
teins. The binding is low affinity and high capacity, which is 
traditionally associated with many other classes of drugs and 



their interaction with plasma proteins. Wc consider this to be 
one of the principal reasons that phosphorothioate oligonucle- 
otides are not cleared rapidly by renal filtration. At the 30-mg/ 
kg dose used by Agrawal ct vL (1991), we would expect the 
plasma protein binding to be saturated and, therefore, to result 
in significant levels of free drug in the plasma. Approximately 
30% of the i.v. or i.p. dose of radioaciivity after dosing with the 
M S-labeled oligonucleotide was recovered in the urine by 24- b* 
postdosing and gel electrophoresis of the urine indicated the 
presence of intact drug. Al early times (0-6 hr) after i.v. dosing, 
95% of the urinary radioactivity cocluted with intact drug and. 
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up to 24 hr postdosing, only 15% degradation was noted The 
urine of mice dosed Lp. contained material that was only 10% 
intact parent drug at 24 hr postdosing. At no time did we 
observe intact drug in the urine. 

Two preliminary reports of studies on ao anti-rev 27-mer 
phosphorothioate oligodcoxynucleotidc have been presented 
(Bigelow cr al. f 1991; Bigclow ei al„ 1992). In theas studies, the 
drug was given by a variety of routes (i.v. bonis, i.v. infusion, 
B.C. and p.o.) and concentrations of intact drag were determined 
by HPLC Reparation and ultraviolet detection. Excellent bio- 
availability from a-c. sites and limited p.o. bioavailability were 
reported, Tissue accumulation similar to our results was re- 
ported. A significantly shorter plasma half-life was reported 
but this was probably the result of the relatively insensitive 
detection methods. Wc have studied the pharmacokinetics of 
several oligonucleotides after intradermal i.m., i.p. and introv- 
itrafll administration and articles describing these results are 
in preparation. 

Agrawol et cl. (1991) reported that 85% to 90% of the 
radioactivity present in most tissues of mice 48 hr after the 
administrauon of a "S-labeled phosphorothioate oligonucleo- 
tide was associated with intact drug. However, only 50% of the 
radioactivity in the liver and kidneys was associated with the 
parent drag at 48 hr. Only approximately 5% of hepatic radio- 
activity was present as apparently unchanged [ W C]2105. By 
contrast, the majority of renal cortex radioactivity in 96-hr 
samples eluted with authentic [ l# C]2105. Larger molecular 
weight bands were found when tissue extracts were analyzed 
by polyacrybmide gel clcco-ophoresis in the study of Agrawal 
et cl. (1991). They speculated that the radioactivity might 
represent longer oligonucleotides. Wc did not observe any 
evidence of these species- An alternative explanation for these 
observations might be that the material represented drug bound 
to a^mHcroglDbulin, a protein which is found in mice (LaMarre 
'■ tiaL 1991). 

All these differences might be explained by variations be- 
tween species or differences caused by different sequences. 
Moreover, Wcrson (1991) reported that, at lower doses, an anti- 
reu oligonucleotide was excreted intact in urine, which further 
suggests that there may be sequence differences. However, in 
studies in our laboratories, we have not observed such signifi- 
cant differences as a function of species or the specific sequence 
of the drug. Additional studies are clearly indicated 

In summary, after i.v. administration of [ t4 C]21Q5 to rats, 
the tissue distribution of radioactivity was extensive and the 
radioactivity was eliminated slowly. Although the drug was 
apparently extensively metabolized, the available evidence 
shows lhat the rate of metabolism was relatively slow. Meta- 
bolic studies were facilitated by synthesizing an oligonucleotide 
containing '"C-Iabeled thymidine. Circulating ramoacriviry was 
extensively bound to plasma proteins, a phenomenon that may 
retard the renal filtration of unchanged drug. Finally, we ob- 
served binding of ISIS 2105 to or r maeroglobuliri. In addition 
lo providing a plasma reservoir of ISIS 2105, biding to a r 
macToglobulin could be important in me pharmacokinetics of 
ISTS 2105 because this protein has been shown to be taken tip 
by various cells through a receptor-mediated mechanism 
(James, 1990). 
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Blocking of Heart Allograft Rejection by Intercellular 
Adhesion Molecule-I Antisense Oligonucleotides Alone or in 
Combination with Other Immunosuppressive Modalities' 



Stanlslaw M. Stepkowski/* Yizheng Tu/ Thomas P. Condon/ and C. Frank Bennett+ 

•DWWon of Immunology and Organ TrafBptartfaHon. Department of Surgery, Unrven&y of Texas MeeJcol School ol 
Houston, Houston, IX 77030; and T lSIS HiarmaceuHcals, Carlsbad, CA 92008 

Intercellular adhesion motecule-l (ICAM-1) binds circulating leukocytes through Interactions wtth 0 2 Megrtns, 
LFA-1, arid macrophage Ag-1. The phosphorolhloale antisense ollgoaeoxynucleotlde, IP-3082, specfflc for 
ICAM-1 mRN A Inhibited ICAM-1 , but not vascufar cell adhesion molecule-!, mRNA Induction and expression of 
ICAM-1 molecules by mouse endothelioma cells. Scrambled control oligonucleotides were Ineffective. Untreated 
C3H(H-2 k ) mice rejected C57BL/10(H-2 b ) heart allografts with a mean survival time of 7.7 3: 1.4 days. Admin- 
istration Lv. of IP-3082 by a 7-day osmotic pump prolonged the survival of heart alografts In a dose-dependent 
fashion: 1.25 mg/kg, to 11 ± 0.days; US mg/kg, to 12 ± 2.7 days; 5 mg/kg, to 14.1 ± 2.7 days; and 10 mg/kg, 
to 15-3 ± 5.8 days (an p < 0.01). Control IP-1082 (10 mg/kg) was Ineffective (7 ± 0.8 days). Although 7-day 
antt-LFA-l mAb (SO iday; i.p.) prolonged allograft survival to 14.1 ± 2.7 days, the odaxlion of IP-3082 (S.0 
mg/kg x 7 days) Induced donor-specific transplantation tolerance <>1 50 days). Furthermore, IP-3062 (5 mg/kg X 
7 days) acted synerglstfcafly wtth anttymphocyte serum, rapamyda and brequlnar, but not cydosportn A; a single 
antltymphocyte serum (0*2 ml) Lp. mJecHon alone prolonged graft survival to 10 ± OS days (p< 0.01) and m 
combination wHh IP-3082 (5 mg/kg), to 32^ * 8.3 days (p< 0.001); rapamycln (0.1 mg/kg X 7 days: i.v.) alone 
prolonged survival to 13 ± 7S days (p<0.01), and wtth IP-3082. lo 32.4 ± 8.9 days (p< 0-03); brequlnar (0.5 
m6/kg X 7 days; oral gavage) alone to 12 ± 2,4 days (p <0.05), and with IP-3082 (5 mg/kg), to 38.8 * 30.2 days 
(p < 0.01); In contrast, cyclosporin A (5 mg/kg X 7 days; i.v.) alone produced graft survival of 9.8 ± 1.3 days [p < 
0.1 and In combination wtth IP-3082 (5 mg/kg), produced survival of 7S ± 3.5 days (NS). Thus; antisense 
oligonucleotides may proffer a selective gene-targeted Immunosuppressive therapy for organ transpiantafloa The 
Journal of Immunology, 1994, 153: S33A. 



Numerous studies have demonstrated the inhibi- 
tion of viral and cellular gene expression after 
treatment of cells in culture with oligonucleo- 
tides designed to hybridize to a specific mRNA by 
Watson-Crick base pairing (1-3). Antisense oligonucleo- 
tides may inhibit protein expression by multiple mecha- 
nisms. Including translallonai arrest. Inhibition of RNA 
processing, and promotion of the degradation of the tar- 
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geted UNA. Although unmodified phosphodiester oligo- 
nucleotides are effective In In vtro assays, their rapid hy- 
drolysis by serum and cellular nucleases limits their utility 
In vivo (4, 5). In contrast, phosphorothioate oligodc- 
oxynucleotides (PS-oligos), 3 in w/hich sulfur is substituted 
for one of the nonbridging oxygen atoms in the phosphate 
backbone, demonstrate greatly increased stability in rela- 
tion to serum and cellular nucleases and, therefore, may be 
very useful for in vivo application* (6). 
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As was recently demonstrated, PS-oligos designed to 
hybridize to different regions of human intercellular adhe- 
sion molecule-1 (ICAM-l; CD54) mRNA inhibited 
TCAM-I expression in a sequence-specific manner (7), 
The most active PS-oligo hybridized to sequences located 
in the 3^untraDSla.ted region of mRNA. The 

ICAM-l molecule belongs to the Ig-related cell adhesion 
molecule family and is expressed at a low level on the 
surface of endothelial cells and leukocytes (8-10). In re- 
sponse to pro- inflammatory cytokines, such as IL-1, TNF, 
andlFN-y, the expression of ICAM-I molecules is mark- 
edly increased on a variety of cells, including endothelial 
ceils and fibroblasts, and is induced on kcratinocyr.es, 
smooth muscle cells, and cardiac myocytes (11). ICAM-1- 
cxpressing endothelial cells bind circulating leukocytes 
through interactions with the /3j integrins, namely LFA-i 
(CD! 1 a) and MAC-l thereby facilitating emigration of 
leukocytes out of the vasculature (12, 13). 

Furthermore, ICAM-l interaction with LFA-1 has been 
shown to enhance T cell interaction with APC, T cell- 
dependent activation of B cells, and the killing of target 
cells by nrutrophils, NK cells, or Ag-specific cytotoxic T 
ceils (14-18). Adhesion of leukocytes to endothelial cells 
requires three overlapping steps, namely rolling, cbemoai- 
traction, and strong adhesion (19, 20). Upon activation by 
pro-inflammatory mediators, a family of selecting namely 
granule-external membrane protein (P-selectin; CD62P), 
cndothelial-leukocyte adhesion molecule (E-seleciin- 
CD62E), and lymph node homing receptor (L-selectin; 

bind to the carbohydrate ligands (sialylated 
Lewis" and Lewis"), thereby Triggering an initial tethering 
of flowing leukocytes to the vessel wall (10, 21). The roll- 
ing of leukocytes along the surface of the endothelial cells 
enhances their exposure to chemoartraciants that transduce 
signals, thereby increasing the avidity of integrins (22). 
The firm attachment of leukocytes to endothelial cells in- 
volves an interaction between integrins (LFA-1, MAC-l, 
and very late Ag-4 (VLA-4) molecules) on circulating leu- 
kocytes and Ig-related cell adhesion molecules (ICAM-l, 
ICAM-2 t lCAM-3, and vascular cell adhesion molecule- I 
(VCAM-1)) on the endothelial cells (23). Increased ex- 
pression of ICAM-l molecules correlates with increased 
leukocyte infiltrarion followed by the rejection of organ 
allografts in both humans and mice (24-26). Direct evi- 
dence for the involvement of ICAM-l and LFA4 mole- 
cules in allograft rejection was provided by the treatment 
of heart allograft recipients with anti-ICAM- I (YN l/l .74) 
and anti-LFA-1 (KBA) mAb (27). A 7-day i.p. therapy 
with anti-ICAM- 1 or anti-LFA- 1 mAb prolonged the sur- 
vival of heart allografts. However, the combination of 
anti-ICAM* 1 and anti-LFA- 1 mAb induced donor-specific 
transplantation tolerance. These findings suggest that re- 
duction in the expression of ICAM-l followed by de- 
creased appearance of LFA-1 -expressing cells may pro- 
duce potent in vivo immunosuppressive activity. We 
found that mouse ICAM-l ^liiense PS-dligos inhibited 



the rejection of heterotopic cardiac allografts and, in com- 
bination with anti-LFA-1 mAb, induced donor-specific 
transplantation tolerance. Furthermore, ICAM-l antisensc 
PS-oligos combined with antilymphocyte serum (ALS), 
rapamycin (RAPA), or brequinar (BQR), but not with 
clospdrin A (CsA), synergistically inhibited the rejection 
of heart allografts. 

Materials and Methods 

Cells and reagents 

Fetal bovine serum was purchased from HyClone (Logan, UT). OMEM 
and Outbecco'a PBS were purchased from Irvine Scientific (Irvine, CA). 
Opd-MEM serum 'free medium was obtained From Life Technologies 
(Grand Island, NY). Printaria M-weti ptateB were obtained from Falcon 
Lab ware (Lincoln Park, tiJ). Human fTNF-a and mouse IFN-y were 
purchased from R&D systems (Minneapolis, MN). Anti-LFA-1 mAb 
were obtained from Dr. YogUa (Juntendo University School of Medicine, 
Tokyo, Japan), and onii-VCAM-1 mAb were purchased from Gcozyme 
(Cambridge, MA). Antl-ICAHM mAb(YNl/1.7.4; American Type Cu^ 
hire Collection, RoekvHIa, MO) were purified from ascites oil a protein 
G column. DOTMA/DOPE trV-t l(-2.3^idc7kmy)propyUV , fVf^^n- 
methyl-ammonium phcsphatldylethanolarnlne) solu- 

tion (lipofectin), biotlnytated goat anb-mouae IgG, and p-gaUctosidasc- 
eonjugated strcptatridln were purchased from Beihesda Research Laos 
(Bsthesda, MD). The DNA synthesizer reagents, controlled pore glass- 
bound and 0-cyamieibyluiisopr^ylpriosph^ were obtained 
from Applied Brosysletns (Foster City, CA). Centex filters were purchased 
(rem Schleicher & Sehuetl (Keen*, NH). Zeta-Probe nylon blotting mem-, 
brancswere purchased from Bio-fUd (Richmond, CA). QuKkHyb solution 
was purchased from Strategene (La Jolb. CA), and the cONA labeling kit, 
Prtme-a-Gene, was obtained from Promega (Madison, Wl). 

PS-oligo synthesis 

PS-ofigos were synthesized on a OS-mrnale scale on a Mllllgen model 
8800 ON A eynthestzer by using modified phoaphoramldlte chemistries 
with p-cyafloethoayphosphOTamiditcs (7). A crude product of approxi- 
mately 70% purity was further purified by oflhagorral column chroma- 
tography by using a Millipore HCI S-HA column followed by anion ex. 
change chromatognphy on a Millipore Q-15 strong anion exehangar. The 
purified material was elhanol precipitated, redlaeolved. and further desalted 
by ultrafiltration. The samplea were depyrogenaied by ultrafiltration with 
endotoxin levels that had been reduced to below detectable levels. The se- 
quences of the PS-oligos were: IP^Ott, AGCTOCCCTGCTACCTGCAC: 
IPO069, CCCCATTCCAOOGCCAGOOC; IP-3066, CGGTTGAAGOC 
ATTGCAOCC; IP-3070, CTC^TCCA<X>C<XrrCAGGG: IP-3065, 
CCACACOAAGTGGCTGAOCG, tP-3082. TGCATCCCCCAGGCCAC 
CAT; 1P-3806, CAAGTG1 GCATCCCCC AGCC tP-3083. TTGGCAC 
AATGTCTCAOCTT, IPO084, TOCCACTCCACATA G1 G"l 1 U and IP- 
3D99, TOCTTACCCTCCCACAOCAG. The control rVoligo sequences 
ware; IP-3B23, TGCC3CCTCACCAGCACGCAT, IP-8997, TCGCATC 
GACCCGCCCACTA, and iP-4 I 89, CAGCCATGGTTCCCCCCAAC, 
which were scrambled IP3082 sequences; and IP-10B2, GCCGAGGTC 
CATGTCGTACGC, which targets (he herpeft virus UL- 13 gene sequence 

PS^otigo treatment 

The bEND.3 calls ware kindly provided by Dr. Werner Risen. Max- 
Planck inadtute, Plonegg-Martinsreitl Germany. Calls were treated with 
indicated concentration of PS-oligo In the presence of 15 Hfi/ml 
DOTMA/DOPE liposome formulation for * h. ICAM-l expression was 
Induced by Ireatment with 5n,c/m1 human rTNF-a and 1000 Ufmt murine 
IFN-7forl6 h (7). Cells were fixed with 95% ethanol, and ICAM-l 
expression was auarrtlfied >v incubation with ICAM-l mAb (YN 171.7.4). 
followed by incubation with a blodnylated goat anti-rat IgG Ab and 
slreptavtdfei conjugated ^gataosidusc Results arc expressed as the per- 
centage of control ICAM-l expression, which was calculated as follows; 
[({ICAM-l expression for olle$ nucleotide -treated cytokine-indueed 
eella) -(basal ICANM c*pnwsion)V((cytokine-induced ICAM-l ex- 
praaslon) - (basal ICAM-l expression))] X 100. Both basal and cyio- 
klrie^rested cells lirofo ^retreated with DOTMA. 
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RNA isolation and analysis 

Total cellular RNA was Isolated by cellular ryels In 4 M guanidlnlum 
rtwhiocynatc followed by a cesium chloride gradient (28). Total RNA 
was peoaiated on a i"A agarose gol containing 1. 1% formaldehyde and 
transferred to nylon membranes. Blots were hybrldlad for I to 2 h in 
QuickHyb solution with tho ICAM-I eONA probe, wnicn had baen la- 
nded wlln l^PIdCTP with use of random ongomjcteotida primers. Btoia 
wen washed with 2X 33C containing 0.1* SDS al 25°C then warned In 
0, DC SSC containing 0. 1% SDS at 60"C. Quantitation of RNA expres- 
elon was performed by u*in$ a PhosphorlnwgeP [Molecular Dynamics, 
Sunnyvale. CA), 

Mice 

C3H<H-2 h ),C578UlO (H**). C57BLfc<+*-2^ and BALB/cCH^ 
female mice. 4 to 8 wk old. were purehasedTrom Harlan Sprague-Dawlay 
(Indianapolis. IN), noused in cages In room with controlled llghtfdark 
cycles, and supplied food and water ad libitum- All experiments were 
approved by the Animal Welfare Committee and conducted in accor- 
dance with the University of Teiaa Guidelines. 

Heart transplantation 

Heterotopic heart transplantation was performed according to the previ- 
ously described method (29). Donor hearts were perfuaed through the 
vena cava and aerta wtln ceM hepartalttd saline before harvesting and 
ligation of me vena cava and pulmonary veins- The donor pulmonary 
artery was afutfomcscd to the vena cava or Irte re dp I on t, and the donor 
aorta ws6 anastomosed to the reelplanl aorta, by using J 1-0 nylon sulura 
(Ethlcom lnc« Sommcrville. NY). Cold ischemia time was less than 30 
min. Heart ullopaft function waa examined by daily palpation, and the 
day of heartbeat cessation was regarded as lha day of rejection. 

immunosuppressive modalities 

OA [Sandoz. Basel. Switzerland) dissolved In cromcphor (Sigma Cham- 
leal Co.. St Louis, MO) was delivered via Jugular venoua Infusion by a 
7day osmotic pump (Alto, Palo Alto, CA). RAPA (Wyoth Ayerst, 
Roubob Point, NY) in a dllutant (Tween BO, 10%; MW-din^yUcet- 
amide, 20%; and polyethylene $ycc\ 400. 70%) waa Infused l.v. by 
7<lay oamodc pump. BQR (OuPont Wilmington, DE) diluted in dlsUlied 
water was administered every second day (q.o.d.) by oral gavage for 7 
days. Rabbit antMnouae ALS (Accurate Chemlcala. New York, NY) was 
Injected once l.p. two days before grafting. 

Statistical analysis 

Heart allograft survivals are presented as a mean survival lime (MST - 
SD), with comparison among groups being performed by Gshan's sur- 
vival teat. The median-effect principle (30,31) is on the basla of the 
premise that the effect of each agent is related to Its dose ami, therefore, 
may be calculated by using the following equation; 



(«,)-(a.) 



Where fa and fu represent the fractlona of trie 6ystem that arc affected 
(percent Inhibition or days of survival beyond controls) and unaffadad 
(l-fa), respectively, by the drug at dose D. Full protection (fa = 1) is 
defined as at least a SOday Burvlval of heart allografts. Dm la the doso 
required for 50% Inhibition (ED,), the median effect; m is a coefficient 
that describes the sigmoldlclty of Ihc dose-effect curve. Logarithmic eon- 
version of Ihe median-effect equation linearizes the relationship: 

l0 *(?u) Sa 9 ®~ mi0qm 

This relation defines m as Ihe slope of die plot log (fa/fu) vs log dose and 
log Om as the X-imercept when log (fa/fu) o 0 or fa • fu = 0.5. The m 
value describee the shape of ine dose-effect curve, which Is hyperbolic 
whcnrfi equals I and sigmoid*! or ncpiiivcly si«moidul w la highei 
or lower ihan I. respectively. The linear rep rifNjsum cncfficicni r UcscrihiS 



the "goodness" of the fit of the data to tho median-efltect principle. A 
minimum, r of 0.T5 was required to conclude that the dab obey the 
medbfreffeet principle. The inttncUon between two drugs was assessed 
by using the corporation Index (CI) method (31) for Ihe doses to achieve 
jrib inhibition (days of graft survival): 



OX 



D, combined Oi ecmblnad 
(Dx), alone (Dxfc alone 



for the mutually exclusive ease, where both drugs have the same or 
similar modes ef action, or tho more conservative expression: 

D| combined D| combined * (D, comDlned) Pi combined) 



CIX = + 

(Dx)i alone (Dxfe 



((Dx), atone] KDifc aim] 



for the mutually nonexclusive caee. where oach drug naa a different mode 
of action. Computer software (32) was used to aulc«iutfjeatry determine 
the dose -effect parameters (O**. and r) and the CI values. 

Results 

Selection of ICAM- 7 antisense PS-oligos by 
in vitro analysis 

Comparison of the nucleotide sequences of human and 
murine ICAM-l cDN As revealed that the cDNA se- 
quences arc conserved only 65% (7> 33). The degree of 
conservation was even lower within the untranslated 3'- 
rcgions, where the most active human antisense PS-oligos 
were identified Therefore, it was necessary to identify PS- 
oligos that selectively larger murine ICAM-lmRNA. To 
select the most effective PS-oligos for in vivo studies, ten 
PS-oligos (20 raer) were designed to hybridize to different 
regions on the mouse ICAM-lmRNA (Fig. IA). In par- 
ticular,, we selected three mouse sequences in the untrans- 
lated 5 '-region and seven mouse sequences in the untrans- 
lated 3 '-region. The PS-oligos were screened by an ELISA 
in the presence of a canonic liposome formulation 
(DOTMA/DOPE) for inhibition of ICAM-l induction in a 
murine endothelioma cell line, bEND.3. The bEND.3 cells 
expressed a basal level of ICAM-T that increased signifi- 
cantly after treatment with a combination of human 
TNF-a and murine INF-y. A 4-h preincubation with the 
PS-oltgo, followed by a 16-h culture with cytokines, pro- 
duced different effects on ICAM-1 expression. Although 
all of the ICAM- 1 antisense PS-oligos inhibited cytokine- 
induccd ICAM-l expression (Fig. 13), IP-3082 and IP- 
3806, which hybridized to the 3* -untranslated region of the 
ICAM- 1 mRNA, were able .to lower ICAM-l protein ex- 
pression to below the basal level of expression (Fig. 15). 
IP-3082 was chosen for further evaluation by using an in 
vino cellular assay to measure ICAM-l and VCAM-1 
mRNA expression (Fig. 2). Treatment of bEND.3 cells 
with 50 nM IP-3082 selectively reduced cytokme-induced 
ICAM-lmRNA by 90% (Fig. 2A). The effect of IP-3082 
on ICAM-I mRNA was sequence specific; three scram- 
bled (IP-3823, IP-8997, and IP-4189) and one unrelated 
(IP-1082) PS-oligos failed to affect ICAM-lmRNA ex- 
pression. In fact, two scrambled PS-oligos, IP-8997 and 
TP-4189, slighdy enhanced ICAM-lmRNA expression. 
The effect on ICAM-I was selective: IP-3092 and two 
controls (IP-3823 and IP-8997) only slightly reduced 
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FIGURE 1. Identification of a murine ICAM-1 antbense PS^oligo. A; the approximate position of 10 PS-oflgos designed to 
hybridize lo different regions of the ICAM-1 mRNA: 1-3068, 1-3069, and 1-3066 in the untranslated 5'-end region; and 1-308 j 
ond 1-3084 In the untranslated 3'-end regions. B) murine endothelioma cefls, bEND.3, were treated with 300 nM of me 

indicated PSnoligo in the presence of 15 fig/ml DOTMA/DOPE liposome formnlatian for 4 h in serum-tree medium, as pre- 
viously described by Chiang et ai. (7) and Bennen et al. (57). Medium was replaced with DMEM containing 10% fetal bovine 
serum, and ICAM-1 expression was induced with human TNfF-a (5 ng/ml) and murine iFN-y (1000 U/ml). ICAM-1 expression 
was quantified 16 h after induction by an ELISA (7). Under basal conditions, approximately as% of the bEND.3 cefls express 
ICAM-1 as determined by Ao* cytometry {data not shown). 



VCAM-I mRNA expression (up to 25%). Furthermore, 
TP-3082 and control PS-oligos did not affect the glyceral- 
dehyde triphosphate dehydrogenase (G3PDH) transcripts 
(Fig. 2Q. These results showed that, among 10 ICAM-1 
antisense PS-oligos, IP-3082, which hybridizes to the 3'- 
end untranslated region, effectively inhibited ICAM-I pro- 
tein expression and reduced the level of iCAM-lmRNA 
in bEND.3 endothelial cells. Thus, in vitro data strongly 
suggest that IP-3082 inhibits ICAM-I expression by 
means of an antisense mechanism. 

Effect of ICAM- 7 antisense PS-3082 on heart 
allograft survival 

The in vivo activity of PS-oligos was examined in a 
mouse heterotopic cardiac transplant model (29). 
ICAM- 1 antisense PS-oligo, IP-3082, unrelated fP- 1082 
control, ot scrambled IP^ 189 control was delivered i.v. 
by a 7-day osmotic pump. Untreated C3H(H-2 k ) mice 
rejected C57BL/10 (H-2') vascularized heart allografts 



at a MST of 7.7 ± 1.4 days (Table I). A 7-day infusion 
of the control J P- 1082 at a dose of either 5 or 10 rag/ 
kg/day did not affect allograft survival. Similarly, a 
scrambled IP-4189 control (10 mg/kg) did not signifi- 
cantly affect heart allograft survival (9 ± 0.8 days; NS). 
In contrast, infusion of the fCAM-I antisense IP-3082 
prolonged allograft survival in a dose-dependent fash- 
ion: L25 mg/kg/day of IP-3082 prolonged graft survival 
to 1 l± 0 days; 2.5 mg/kg/day, to 12 ± 2.7 days; 5 
mg/kg/day, to 14.1 ± 2.7 days; and 10 mg/kg/day ( to 
15.3 r 5.8 days (all p< 0.01). Extended 14-day treat- 
ment with IP-3082 (5 mg/kg/day) further increased graft 
survival up to 30 days. Almost identical results were 
produced in two additional donor-recipient combina- 
tions, namely BALB/c(H-2 d ) to C3H and CS7BU6 (H- 
2 b ) to BALB/c (data not shown). The effectiveness of 
ibe immunosuppression was documented by histologic 
examination of grafts on day 6 after transplantation. 
Syngeneic C57BU1 0 hearts transplanted to C57BLH0 
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FIGURE 2. Hltrology or C57BL/10 
hearts, a) normal control heart. B) synge- 
neic heart graft I days after btvuptantaHofi 
demonstrating mild InflUration of 10% of 
the ttnu«. Q allogeneic h*art graft & daya 
after grafttog to untreated rwclptent demon- 
strating massive InWrafion of leukocytes 
and neutrophils with severe nocrosU and 
Interstitial hemorrhage. Di alloganolc graft 
6 days after transplantation to recipient 
treated wrth 10 mg/kg/day ICAM-1 1-3082 
demonstrating mild Infflrratfon of 20% of 
mo tissue. All sections were Rxed In 10% 
formalin and stained with HIE. Original 
magnification Is X200. 
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Table |. 



£fYecr of tCAM-1 antfse/ise tP-3082 on CS7BU70 (H-2°) heart a/frgrafr survfua/ In CJH (H-Zt) recipients' 



Treatment 



PS-oltgos (days) 



mg/kgAfay 



Graft Survival (days) 



MSTrSD 



Nono 

1P-10BZ (X7) 

IP-4189 (X7) 
IP-3082 1X7) 



IP-3082 <X14) 



5.0 
10.0 
10.0 
1.25 
2.5 
5.0 
10.0 
5.0 



6,7x3,8,9,1 0 
6, 7 X 3, 8 X 2 
6, 7 X 2. 8 
B, 9 X 2, 10 

11 x3 

9, 10, 12, 13, 16 

10, 12X2,13, 16 X 2,17X2 

12 X 2, 13,24 
16. 17. 29, 30 



7.7 ± 1.4 
7.1 = 0,7 
7.0 r 0.8 
9.0 r 0.8 
11.0 - 0 

12.0 = 2.7 

14.1 + 2.7 
15.3 ± 5.8 
23.0 ± 7.5 



N5 

NS 
NS 

0.001 

0.01 

0.01 

0.01 

0.001 



if ^ rt+ . „. t v hv 7daM ra osm otic pump with 5 or 10 mg/Vg ooctol (MOB (17). 10 itocoidrcl IP-4189, ef 1JS. is. i 

evaluated dally by palpation, and Uw day of heart bsal cessation was considered the day of rejection. 



mononuclear cells and neutrophils. This effect was as- 
sociated with severe necrosis and mineralization, which 
formed a dense band that affected 60% of the epicardiurn, 



myocardium, and papillary muscles (Fig, 3Q. In contrast, 
heart allografts from recipients treated with IP-3082 (S mg/ 
kg/day) showed only scattered infiltration with mononuclear 
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FIGURE 3, Histology of C57BL/10 hearh. 
a) normal, control heart. 6) syngeneic heart 

graft 6 days after transplantation demon- 
siraring mild infiltration of 10% of the tis- 
sue. Q allogeneic heart graft 6 days after 
grafting to untreated recipient demonstrat- 
ing massive infiltration of leukocytes and 
neutrophils with severe neerasis and inter- 
stitial hemorrhage. O) allogeneic graft A 
days after transplantation to recipient 
treated with 10 mg/kg/day I CAM-1 1-3082 
demonstrating mild infiltration of 20% of 
the tissue. All sections were Rxed In 10% 
formalin and stained with H&E. Original 
magnification Is X200. 



y- T *, w _..--r 



c 




formed a dense band that affected 60% of the cpicardium, 
myocardium, and papillary muscles (Fig. 3Q. In contrast, 
heart allografts from recipients treated with IP-3082 (5 mg/ 
kg/day) showed only scattered infiltration with mononuclear 
cells in 20% of the myocardium (Fig. 30). Thus, wc con- 
clude that IC AM-I antiserum IP-3082 inhibits infiltration and 
subsequent destruction of heart allograft tissue by host cells. 

Combined effect of /GAM- 1 antisense IP-3082 and 
anti-LFA-7 mAb on heart allograft survival 

The in vivo effects of the ICAM-I antisense PS-oligo IP- 
3082 in conjunction with anti-LFA-I mAb (KBA) were 
examined in the C57BL/10 to C3H combination. A 7-day 
treatment with i.p. injections of anti-LFA-I mAb (50 M-g/ 
day) or i.v, infusion of IP-3082 (5 mg/kg/day) prolonged 
allograft survival to 10.6 ± 4,6 days and 14.1 ± 2.7 days, 
respectively (Fig. 4). Combined treatment wi*- the two. 



agents for 7 days resulted in indefinite survival of heart 
allografts (>L50 days; p< 0.001). The interaction of IP- 
3082 and ami-LFA-lmAb was evaluated by the median 
effect analysis (30). The MST values revealed a dose>de- 
pendent effect of individual agents: linear regression co- 
efficient (r) values were higher than 0.75, thereby allowing 
farther analysis. The rvalue for IP-3082 was calculated on 
the basis of the results presented in Table I Three indi- 
vidual doses of anti-LFA mAb were examined: 25 H£/day 
for 7 days was ineffective (7.7 ± 0.6); 50 MS^ay pro- 
longed graft survival to 10.6 ± 4.6 days; and lOO^S/day 
prolonged survival to 15.0 ± 5.9 days ^ < 0.01). CI value 
calculated for a combination of 5 mg/kg/day EP-3082 and 
50 M-g'day anti-LFA- 1 mAb was 0.00 I, indicating strong 
synergism (CI = 1 shows additive, and CI < 1 or Q > I 
shows synergistic or antagonistic interaction, respective- 
ly). Recipients bearing C57BL/IO hearts for 65 days 
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FIGURE 4. Combined effect of ICAM-1 antisense 1-3082 and 
anti-LFA-1 mAb (KBA) on heart allograft survival. C3H recipi- 
ents of C57B1/1 0 hearts were either untreaied or treated with 
daily i.p. injection for 7 days of KBA Ab (50 MS/day) alone, 
1-3082 (5 mg/kg/day) i.v. by 7-day osmotic pump alone, or a 
combination of KBA mAb (50 &day) i.p. and 1-3082 (5 mgf 
kg/day) i.v. for 7 days. 



0.0 1; Cl< 0.02), Oral gavage with BQR (0.5, 1, and 2 
mg/kg/day) delivered every second day (q.o.d.) for 7 days 
prolonged aUograft survival to 12 5 2.4 days, 17.6 t 3.4 
days, and 20 ± 4.1 days, respectively (Tabic IV; all 
<0.01): the combination of 0.5 mg/kg BQR and 5 mg/kg 
IP-3082 resulted in a MST of 38.8 ± 30.2 days (p< 0.01; 
CI * '0.007). Although a 7-day i.v. infusion of 2.5 or 5 
mg/kg7dayCsA was ineffective, 10 or 20 mg/kg/day Cs A 
prolonged allograft survival. Adding IP-3082 (5 or 10 mg/ 
kg/day) to 5 mg/kg/day CsA did not improve graft surviv- 
als with CI values of H.I and 5 I, respectively (Table V). 
Similarly, combining control JP-1082 (5 mg/kg) andCsA 
(5 mg/kg) did not affect bean allograft survival (9.2 ± 2.2 
days; NS; data not shown). These results show that 
ICAM-l antisense IP-3082 synergistically interacts with 
different immunosuppressive modalities (ALS, RAPA, 
and BQR), but not with CsA, to block allograft rejection. 



(n - 4) were transplanted with donor-type C57BL/10 and 
third-party BALB/c (H-2 4 ) skin allografts. The induction 
of transplantation tolerance was confirmed by permanent 
acceptance of donor-type skin grafts (> 100 days) and 
acute rejection of third party grafts in 9 ± 0 days (data not 
shown). Control C3H mice (n - 5) rejected C57BL/10 and 
BALB/c grafts in 9.2 ± 0.8 days and 8.1 £ 0.6 days, 
respectively. These results indicate that the combination of 
tCAM- I antisense PS-oligo, PS-3082, and anti-LFA- I 
mAb induces donor-specific transplantation tolerance. 

Effect of ICAM-1 antisense IP-3082 In combination 
with ALS t RAPA, BQR, or CsA an heart 
allograft survival 

The interaction of IP-3082 with different inMrmnosuppres- 
sive agents, namely ALS (34), RAPA (35, 36), BQR (37), 
and CsA (38-40), was examined in C3H recipients of 
C57BL/I0 heart allografts. Median effect analysis was 
used to calculate the individual effects of IP-3082 (Table 
I), ALS (Table II), RAPA (Table III), BQR (Table IV), 
and CsA (Table V) as well as the combined effects of 
IP-3082 with ALS, RAPA, BQR, or CsA. A single i.p. 
injection of ALS two days before transplantation pro- 
longed graft survival: 0. 1 ml prolonged graft survival to 9 
± 0 days; 0.2 ml, to 10.4 * 0.5 days; and 0.4 ml, to 14 ± 
2.1 days (all p< 0.0 1; Table II). The combination of 0.2 
ml ALS and IP-3082 (5, 10, or 20 mg/kg/day X 7 days) 
extended allograft survivals to 32.2 ± 8.3 days, 37.0 ± 5.8 
days, and 72.0 ± 49.1 days, respectively (all p< 0.01; 
CI< 0.001). RAPA (0.05, 0.1, or 0.2 mg/kg/day) alone 
delivered i.v. by a 7-day osmotic pump immunosup- 
pressed rejection in a dose-dependent fashion (Table III). 
Combining 0.1 mg/kg RAPA with 5 mg/kg IP-3082 pro- 
longed graft survival to 32.4 ± 8.9 days, and combining it 
with 10.0nio/kg IP-3082. to 36.3 ± 6. I days (both p< 



Discussion 

These experiments were designed to select an ICAM-1 
antisense PS-oligo for gene-targcted immunosuppressive 
therapy to block heart allograft rejection. The results doc- 
umented that in vitro screening allowed the determination 
of a very effective target region for PS-oligo on mouse 
ICAM-l mRNA. Interestmgly, the most active PS-oligo 
(IP-3082) hybridized to the 3 1 -untranslated region of 
ICAM-I mRNA. IP-3082 inhibited in vitro expression of 
cylokinc-induced ICAM-I protein on bEND.3 endotheli- 
oma cells. Furthermore, under the same experimental con- 
ditions, JP-3082 inhibited cytokine-induccd ICAM-I 
mRNA by 95%. Similar results were observed dining 
analysis of 35 PS-oligos that target human ICAM-1 
mRNA, which were the most effective PS-oligos hybrid- 
ized to the S'-untranslatcd region (7, 41), The human 
ICAM-I antisense PS-oligos seem to inhibit ICAM-I ex- 
pression by a mechanism involving RNase H hydrolysis of 
the target mRNA. The inhibitory activity was lost when 
the ICAM- I antisense PS-oligos were modified by substi- 
tution on the 2'-posirion of the sugar by fluoro, O-mcthyl, 
or O-propyl (7, 41). Such substitutions enhanced binding 
of the PS-oligo to the target mRNA, but do not support 
RNase H hydrolysis. Similar results were obtained with 
mouse antisense PS-oligos (data not shown), which sug- 
gests that PS-3082 inhibits ICAM-J expression, at least in 
pan, through a RNase H mechanism- 

The in vitro studies were extended to an in vivo analysis 
to examine the efTect of me ICAM-1 antisense PS-oligo, 
IP-3082, in a model of complex inflammatory response to 
organ allografts. Previously, it has been demonstrated that 
anti-lCAM- 1 mAb significantly prolongs heart ailograft 
survival, implicating ICAM-1 in the rejection process 
(27). The ICAM-I antisense PS-oligo, IP-3082. extended 
heat-t allograft survival in a dose-dependent fashion when 
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Table li Combined effect of ALS and /CAM- J antisense tP-3082 on haart allograft awvivaJ" 



TraaUnairt 



1P-3Q82 
ALS (ml) 



Heart Survival 



img/V^/day) 



MSTrSD 



None 

0.1 
0.2 
0.4 

0.2 
0.2 
0.2 



5.0 
10.0 
20.0 



6,7x3,8,9.10 
9x4 

10X3,11 x 2 
11, 14, 15, 16 

20, 30,31,39,41 

32X2,41,43 

33. 34, 54, 39, >V50 



7.7 ± 1.* 
9.0 2 0.0 
10.4 ± 0.5 
14.0 i 2.1 

32.2 i 8.3 
37.0 = 5.6 
72.0 ± 49.1 



- ALS wbb Reeled l.p. one time 2 days before Iransplantatfon; lP.3082,i-v. by a 7-day osmotic pump. 
Table lit. Combined effect of RAPA *nd ICAM-1 anti sense IP-3082 on heart allograft sur»'r**l> 
Treatment 



0.01 

0.01 
0.01 

0.01 
0.01 
0.01 



0.003 
0.001 
0.001 



RAPA 


IP-3082 
tmg/kg/dayl 


Heart Sunrival 

(days) 


MSTZSO 






None 

0.05 

0.1 

0.2 

0.1 
0.1 


5.0 
10.0 


6,7X3,8.9,10 
6 X 2, 7, 9 x 2 
10,1 1,20x2,21 

12, 14, 17, 18. 39 
23. 24, 33, 39, 43 
32 X 2, 36, 45 


7.7 - 14 
7.4 ± 1.4 
13.0 ± 7.5 
20.0 £ 10.9 

37.4 2 83 
363 :6.1 


N3 
0.01 
0.01 

0.01 
0.01 


0.03 
0.02 


•RAPA was 


doiivorod i.v.by a 7-a>y osmotic pump; IP40&2, as (o Table U. 









Table IV. 



Combined effect of BQR and ICAM-1 antisense IP-3082 on heart allograft survival' 



Treatment 



BQR 



IP-3082 



Heart Survival (cbysl 



MST-SP 



None 




6.7x3,8,9,10 


7.7 i 1.4 


0.05 




0.5 




9, 11 X2.14.15 


12.0 ± 2.4 




1 .0 




13, 16, 18, 19. 22 


17.6 Z 34 


0.01 




2.0 




15, 17, 20, 23, 25 


20.0 - 4.1 


0.01 




0.5 


5.0 


21, 24, 28, 29, 31, >100 


38,6 = 30.2 


0.01 


0.001 



' BQR was delivered every second day by oral Ravage; IP-3002 was delivered as in Tahle L 



administcrttd for 7 days i.v. by osmotic pumps. Treatment 
of C3H recipients with 5 mg/kgftiay P-3082 for 7 days 
prolonged C57BU10 hean allograft survival from 7.7 ± 
1.4 days in untreated controls to 14.1* 2.7 days* produc- 
ing an effective immunosuppression 5 to 7 days beyond 
termination of therapy. Similar results were obtained by 
using the 7-day anti-tCAM-1 mAb (27). Thus, the 
tCAM-I antisense PS-oligo and ami-ICAM-lmAb pro- 
duced almost identical in vivo irnmunosuppressive effects. 

Although these results are consistent with the anti- 
sense mechanism of immunosuppression, wc cannot de- 
finitively conclude that rP-3082 acts by such a mecha- 
nism in vivo. The in vitro results suggest that IP-3082 
acts in a sequence-specific fashion, that is, by blocking 
ICAM-1, but not VCAM-1 or G3PDH, expression. In 
the in vivo heart allograft model, the same LP-3082 pro- 
longed heart allograft survival. A similar effect was not 
observed after treatment with a nonspecific IP- 1082 or 



a scrambled IP-4189 control. Thus, both the in vitro and 
in vivo IP-3082 effects are sequence specific and, there- 
fore, are consistent with antisense mechanisms. The IP- 
3082 therapy reduced leukocyte infiltration of heart al- 
lografts, as would be expected by the activity of an 
ICAM-I antisense PS-oligo. To inhibit ICAM-I expres- 
sion, the LP-3082 may act directly on ICAM-I mole- 
cules present on the allograft or indirectly on the in- 
flammatory cells that migrate to the graft. The latter 
effect may result in a decreased production of cytokines, 
leading to diminished ICAM-I expression and reduced 
infiltration of hean allografts. Experiments are in 
progress to elucidaie the in vivo mechanism of immu- 
nosuppression by IP-3082 antisense PS-oligo in this 
complex transplant model. Furthermore, IP-3082 has 
shown activity in other inflammatory models, such as 
dextran sulfate- induced colitis and collagen-induced ar- 
thritis, thereby demonstrating that the same PS-oligo 
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Tabic V. 



Combed effect of CsA a nd (CAM- J ait/sen^ /POOfl? on fteart a/togiafr sum^ 



Treatment 




"CiA *aa dallvcred by a 7<tay oanwtlc pump; 1-3082 waa delhwod aa In Table 0. 



activicy in vivo is not limited to a single model (C. F. 
Bennett and T. Geigcr, unpublished observations). 

The antisense ICAM-1 PS-oligo, IP-3Q82, interacted 
synergist! cally with other immunosuppressive agents, but 
not with CsA, to block heart allograft rejection. Most strik- 
ingly, the combination of IP-3082 and anti-LFA-1 mAb 
produced donor-specific transplantation tolerance. Similar 
results were described for the combination of anti- 
ICAM-l and anti-LFA-I mAb (27). Thus, both experi- 
mental procedures support the conclusion that ICAM-1 
and LFA- 1 arc important for allograft rejection- ICAM-1 
arc expressed at low levels on normal endothelial cells, but 
not on myocytes or endocardium (42). During allograft 
rejection, ICAM-1 expression increases on endothelial 
cells and is induced on myocytes and the endocardium 
(43). In contrast, j3 2 integrins are not expressed on cardiac 
tissue but are present on circulating leukocytes (42). There 
arc at least two mechanisms by which ICAM- 1 and LFA-1 
may contribute to the allograft rejection process, namely, 
by facilitating emigration of leukocytes into the cardiac 
tissue and providing the co-activation signals to the leu- 
kocytes (9, 11,14-18). In the absence of co-activation 
signals, T cells may become anergic or even clonally de- 
leted (44, 45). In addition to ICAM-1 and LFA-I, other 
adhesion molecules may facilitate emigration and provide 
co-3timulatoTy signals to leukocytes (9, 10, 42). In partic- 
ular, three ligands (ICAM-1, ICAM-2, and 1CAM-3) bind 
to LFA-I and three ligands (LFA-1, Mac-L and CD43) 
may bind to ICAM-1. Therefore, inhibition of ICAM-1 or 
LFA-1 alone may not be sufficient to produce a strong in 
vivo effect. In contrast, die combination of two agents that 
inhibit ICAM- 1 and LFA- 1 expression produced a potent 
immunosuppressive effect, thereby inducing tolerance. 

In addition, IP-3082 synergistically prolonged heart al- 
lograft survival when combined with ALS, RAP A, or 
BQR. These immunosuppressive modalities act in differ- 
ent fashions: ALS decreases the level of T cells, including 
alloantigen-spccific T cells (34); RAPA inhibits the trans- 
duction of signals delivered by lymphokines (35); and 
BQR blocks the dehydroorotate dehydrogenase enzyme 
that is required for pyrimidinc synthesis (37), Interest- 
ingly, all three agents acting by distinct mechanisms in- 
teracted in a synergistic fashion with lP-3082to prolong 



allograft survival, as documented by CI values below 0.02. 
In contrast, CsA, which blocks calcineurin activity, 
thereby inhibiting synthesis of lymphokines by T cells 
(38), did not potentiate the immunosuppressive effect of 
IP-3082. It is possible that CsA may inhibit ICAM-1 ex- 
pression and that this migiit diminish the activity of IP- 
3082. However, CsA is not very effective in mice; as much 
as 75 mg/kg/day was required to block skin allograft re- 
jection (46), and 20 rag/kg/day CsA was needed to fully 
protect vascularized heart allografts from rejection (Table 
V). In vivo treatment with 15 to 45 mg/kg/day CsA did not 
affect alloantigen-inchiced performances of cxplanted T 
cells (39). Because mice arc resistant to Che immunosup- 
pressive effect of CsA. it is unclear whether the antago- 
nism between CsA and IP-3082 is a result of a pharma- 
cologic or a pharmacokinetic reason. Similarly, control 
IP-1082 combined with CsA did not affect heart allograft 
survival. However, CsA is very effective in rats (47): 
2 mg/kg/day CsA prevented heart allografts from rejec- 
tion, 10 mg/kg/day CsA delivered for 14 days induced 
indefinite allograft survival. These in vivo results corre- 
lated with a dose-dependent inhibition of in vitro immune 
responses by T cells obtained from immunosuppressed re- 
cipients. Therefore, we plan to evaluate the interaction be- 
tween CsA and rat ICAM-1 antisense PS-oligo in rats. 

ICAM-1 antisense EP-3082 seems to be well-tolerated at 
therapeutic doses without producing signs of toxicity. In 
fact, aoministration of IP-3082 to mice at a dose of 100 
mgAcg/day q.o.d. for 14 days, did not produce any major 
toxic effects. Most important, in contrast with xenogeneic 
mAb, IP-3082 does not induce an antigenic response in 
animals (D. Kombrust, unpublished observation). Further- 
more, the pharmacokinetics of PS-oligos suggest that they 
arc very efficient, and that chey last long in vivo. Within 
4 h, PS-oligos injected once i.v. accumulated predomi- 
nantly in the liver (23%), kidney renal cortex (14%), me- 
dulla (3%), bone marrow (14%), and skin (13%). Metab- 
olism of PS-oligos differed among organs. After 24 h, 
approximately 15% of the PS-oligo was intact in the liver, 
but as much as 40% was intact in the kidney (48). Jn 
blood, PS-oligos were found almost completely in the 
plasma fraction bound with low affinity to albumin and 
a 2 -macroglobulin. 
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Experiments in monkeys were performed to examine 
the effectiveness of ami-lCAM- 1 mAb (R6.5) to block re- 
jection of kidney allografts (49). As in humans, ICAM-1 is 
expressed on the vascular endothelium in normal kidney. 
During rejection, ICAM-I expression increased on endothe- 
lial and tubular cells and leukocytes, and this increase corre- 
lated with massive infiltration of grafts. Anti-ICAM-lrnAb 
treatment decreased cellular infiltration and allowed admin- 
istration of lower CsA doses. Receni clinical trials conducted 
in high-risk kidney allograft patients showed that adding 
mouse antj-lCAM-1 mAb (BIRR1) in a I4day postoperative 
period to the triple-drug therapy (CsA, aratrioprinc, and cor- 
ticosteroids) improved I-yr allograft survival from 56 to 78% 
(50). However, 16 of the 18 patients developed human anti- 
mouse Abs, which were detected between 3 to 14 days after 

completion of therapy with the BIRR 1 mAb. 

The PS-oligos used in this study for in vitro inhibition 
of ICAM-1 expression were added to the cultures in the 
presence of caiionic liposomes. As previously shown, cat- 
ionic liposomes enhance the activity of an ICAM-1 anti- 
sense PS-oligo (5 1-57). Interestingly, the same PS-oligo, 
IP-3082, that inhibited ICAM-l expression in bEND-3 
cells in the presence of caiionic lipids, prolonged heart 
allograft survival when delivered to recipients by i.v. in- 
fusion suspended in saline without canonic liposomes. 
Similar observations have been noted with PS-oligos that 
targeted murine protein kinase C-a. An i.p. administration 
of this PS-oligo resulted in a selective reduction of protein 
kinase C-a mRNA in the livers of treated animals (58). 
Furthermore, several reports showed that local delivery of 
PS-oligos in the absence of carionic liposomes inhibited 
expression of the targeted gene (59-61). For example, a 
c~my& PS-oligo incorporated into a pluronic gel inhibited 
c^-my} expression and smooth muscle cell proliferation in 
injured arteries (59). In another study, a c-myA antisensc 
PS-oligo infused t.p. by a 7-day osmotic pump to scid 
mice bearing the human K362 myeloma leukemia tumor 
prolonged survival sixfold in comparison with untreated 
controls (62). Antisense, but not sense, PS-oligos comple- 
mentary to the initiation codon of the nuclear facior-xB 
mRNA blocked development of fibrosarcoma in trans- 
genic mice (63). To our knowledge, this study reports the 
first example of pharmacologic activity of an antisensc 
PS-oligo by i.v. systemic admmistrarion in a model of a 
complex inflammatory process. In conclusion, our in vivo 
results demonstrate that antisense technology may proffer 
a new method of nontoxic and gene-targeted iirtmunosup- 
pressive treatment for organ transplantation. 
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